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INTRODUCTION - RESEARCH OBJECTIVES

Erogive burning, the augmentation of solid propellant burning rate by the
flow orf products across a burning surface, has become increasingly important with

use of lower port-to-throat area ratio motors and nozzleless motors, both of

which result in high velocity crossflows. The response of various propellants to

such crossflows must be known by the motor designer in order for him to perform

adequate motor design. In addition, it is important that the propellant

formulator understand the effect of various formulation parameters on the
sensitivity of a propellant to crossflows so that he may tailor his propellants

to the desired characteristics. For example, in a nozzleless rocket motor, the

decrease in pressure from the head end to the aft end of the grain tends to result
in slower burning at the aft end in the absence of erosive effects. Depending
upon the sensitivity of the formulation to crossflow, the increasing Mach number
along the grain port may lead to undercompensation, exact cancellation, or
overcompensation of the pressure effect. A detailed discussion of the effects of
erosive burning on solid propellant rocket interior ballistics for low port-~to-

throat area ratio motors and nozzleless motors was presented by this author in

Reference 1. Under this contract, experimental and analytical studies of erosive
burning have been conducted at Atlantic Research and Pennsylvania State
University along with additional modeling efforts at Aeronautical Research ;
Associates of Princeton (ARAP). A comprehehsive list of research objectives for i

this program is presented below:

;o A. Atlantic Research Objectives {Task A)

3 1. Develop a theoretical model of steady state erosive burning to permit
prediction of composite propellant burning rate as a function of pressure and
% crossflow velocity, given only propellant composition and particle size dis-
&, ¢ tribution, and extend this model to handle cases involving multimodal oxidizer

(ammonium perchlorate) and metalized propellants.

Sl
2 2. Work on development of an improved theoretical model of the effects of
oscillatory crossflow on composite propellant combustion.
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3. Conduct approximately 50 testing firings with approximately 10
different composite propellant formulations in the erosive burning test

apparatus.

4. Formulate suitable quantities of composite propellants of various
types to perform the erosive burning test program of Task A (3) in an
experimental apparatus developed by Atlantic Research under AFOSR
Contract F44620~76~C-0023.

5. Gather and correlate burning rate versus pressure versus crogssflow

£ velocity data from the tests of Task A (3). :
i 3
6. Make continuing comparisons between experimental data and the ;
developed erosive burning theoretical model, using these comparisons to i
i upgrade the model as needed. %

7. Incorporate in theoretical modeling of erosive burning by flame
bending the effects of high blowing velocities and increased turbulence,
characteristic of cylindrically performated mctors as opposed to test

devices.

8. Develop at least a preliminary model for erosive burning of double-
base propellants. 3

9. Investigate the need for modeling erosive burning in HMX-oxidized
propellants.

10. Perform special‘mocor tests to investigate the change in erosive
burning seunsivity caused by a large change in the ratio of blowing :
velocity to crossflow velocity. E

11, Perform preliminary design for a cold-flow test apparatus to study
boundary layer shapes and turbulence distributions in internally

perforated solid propellant grains. %

E . 12, Proceed with final design, construction and use of the cold flow
- apparatus for the purpose shown in Item A (11) above; or altermatively, :
perform 30 additional tests in the Atlantic Research erosive burning
hardware, using about five selected HMX and double-base formulations.

: B. Aeronautical Research Associates of Princeton Objectives (Task B)

&L
;ﬁg Lo * “ls Improve the grain port or test section flowfield modeling part of
3;' the erosive burning model located at Aeronautical Research Associates of
2 Princeton, by removing the inviscid outer boundary layer assumption, and
S compare the results with existing flow experimental data.
v.ﬁ N 2. Implement at least one commonly used composite propellant combustion
2 model, and compare the results with appropriate data.
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3. Remove the Shvab-Zeldovich assumptions from the Aeronautical
Research Associates of Princeton erosive burning model and ascertain the
l;mits of insens;civity to driver propellant temperature.

4, Develop a computer code with the ability to perform a quasitime
dependent analysis of the burning of cylindrical and two~dimensional

grains, depending upon the model's satisfactory performance under task B
(1) and (2)-

5. Parameterize the velocity profile results form the SPEC model (n
graphical or algebraic form.

6. Formulate the system of equations necessary to model particulate
behavior and turbulence interaction within the grain port.

7. Incorporate the modeled particulate fow equations of subparagraph
(6) into the SPEC code and demonstrate their solution.

8. Agsess the effects of tubular motor length to diameter ratio and
turbulence on particulate number~density profiles within the grain port.

9. Include an imposed acoustic field in the SPEC model and assess the
affects of frequency and velocity on propellant burning.

C. Pennsylvania State University Objectives (Task C)

1. Perform checkout tests of the erosive burning model computer program

located at Pennsylvania State University. . .- e e -

ot

i::;:?erféfm-a'sec.oé Jécmpuéet experimenés" to determine the best set of
coefficients for turbulence correlations {n the Pennsylvania State
erosive. burning .madel. St mer e 2 hem.mta e Lzel oLl T .. e

L T e
- N . - PR o -~ . TP @ seamlt . ke, v L .me e
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j.:"Perférm a set opratamétric calculations with the resulting final
erogive burning model to study the effects of conditions such as gas
velocity, flame temperature, chamber pressure, pressure gradient, -and

axtdizer particle size on erosive burning. IrITe II LatiTIILL .

— - o - . -

. - T e - e e? - -

TeETL! feoa . it

4, - .iﬁvéstigace possible improvements in the turbulence closgure
procedures involved in the Pennsylvania State erosive burning model.

5~  Use the resulting computer program to generate an erosive burning
formula of use to propellant grain designers.

. - PRI . . e 8w
Lmeme - A A T. . LooTInid i R

6. Perform a ‘series of erosive burning experiments in 'a test apparatus,
located at Pennsylvania .State University. -Parameters to bervaried in
this study .include free-stream velocity,. pressure, pressure gradient,
oxidizer particle size, and propellant types.
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7. Further improve the Pennsylvania State erosive burning model byp
improving the way reaction rate is included, and by taking account of

high Mach number flow and surface roughness.

8. Extend the erosive burning model from flat-plate geometry to
axisymmetric flow.

9. Validate the 2-D model of erosive burning by experimental firings
and measurementse.

10. Incorporate the erosive burning model into an existing racket
performance prediction code and test the resuiting coupled erosive

burning rocket performance code.

OVERALL SUMMARY

7
i1
&

General approaches taken at the three different facilities are
summarized in Figure 1. Two test devices, employing markedly different
flow geometries as regards boundary layer development, were used to
collect data at ARC and PSU. Composite propellant models were developed
at ARC and PSU, while homogeneous propellant models were developed at
ARAP and ARC. A major contrast between the modeling approaches 1ay.in
the emphasis at ARC on flame structure details, with a relatively simple
mixing-length turbulence description, while more comprehensive turbulence
models but simplified flame structure models were used at ARAP and PSU.
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3 Results are summarized in Fig. 2. At ARA?, modeled differential equat-
: ions for combustion, turbulence, and mean-flow development within a grain

3 port were numerically solved, enabling prediction of flow development and

A erosive burning. An improved scaling procedure for predicting erosive burn-

1 ing in large motcrs, involving prediction of mean~flow transition behavior, :

was developed. .n assessment of the contribution of AP to erosive burning

of composite propellants iadicated strong sensitivity to the type of com~

bustion model used. Direct effects of turbulemce on homogeneous prepellant

gas-phase combustion were found to have negligible influence on erosive

burning. :

2 At PSU, erosive burning behavior of four AP-composite propellants was i
; -~ experimentally studied and erosive burning rate correlations relating r/ro
. to velocity and pressure were developed. K-¢ turbulence closure, along

: with Spalding's eddy-breakup concept was used in 2 reacting turbulent bound-
g, ary layer analysis which was coupled with a core region flow analysis into :
g an erosive burning model. Theoretical results agreed well with data obtained !
.g“ at PSU and elsewhere. Erosive burning is attributed to ancreased turbulence
_{§~ i activity near the propellant surface with increasing coie oxial velocity.,
;* At ARC, models of erosive burning of AP composite propallants and homo- :
}5 geneous double-base propellants were developed and found to agree well with ;
.g;i data. Both models permit prediction of no-cross-flow burn rate as well as
73 2rosive effects for uncatalyzed propellants. Postulated mechanisms are listed
¥ in Fig. 1. Both models predict a decrease in erosive burning effects with

& increasing port diameter, in agreement with observation. Erosive burning
ﬁﬁ, characteristics of approximately 15 composite formulations with systematically
‘33 varied compositions and ingredient particle sizes have been measured over a ;
éﬁ wide range of pressure and crossflow velocity. It appears that the most im- ;
4 portant parameter in determining sensitivity of burn rate to crossflow is the ;
*;i - no-crossflow (base) burning rate versus pressure behavior of the formulation,
DN
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A brief summary of the work accomplished at Atlantic Research along
with a list of publications and a description of interactions with other
activities is presented below. Similar presentations of the Penn State and ARAP
efforts are presented in Appendices A and B. Finally, copies of several of the
more important publications generated during this program, providing the
interested reader with a fairly comprehensive picture of the various exper=-
imental and modeling efforcs, are included as Appendices C - F.

SUMMARY OF WORK ACCOMPLISHED
AT ATLANTIC RESEARCH

The major emphases of the work carried out at Atlantic Research
involved development of a comprehensive composite propellant burning rate model
capable of yielding accurate predictions of burn rates of such propellants as a
function of pressure and crossflow velocity, given only propellant composition
and ingredient particle sizes, and creation of a systematic data base regarding
the effects of crossflow on buarning rate as a function of formulation parameters.
A fairly comprehensive summary of these efforts appears in Appendix C, a cop{ of
a paper presented by the first author at the 17th JANNAF Combustion Meeting 2),
During the program, erosive burning characteristics of approximately 15 AP-
composit~ formulations with systematically varied compositions and ingredient
particle sizes were measured over a wide range of pressure and crossflow
velocity. Data for all but four of these formulations appear in Appendix C.
(Data for two polyester binder formulations appear in Reference 3, while data for
two aluminized formulations tested subsequent to preparation of Reference 2 have
not yet been published elsewhere and are included herein as Figures 3 and 4.) As
a result of these tests, it was concluded that the most important parameter in
determining sensitivity of burn rate to crossflow is the base (no-crossflow)
burning rate versus pressure behavior of the formulation, independent of what
formulation variations are used to fix this behavior. In general, the AP-
composite propellant burning rate model developed during this program was found
to give excellent predictions of the no-crossflow burn rate versus pressure
behavior of the propellants tested and good-to-excellent prediction of the
erosive burning characteristics. 1In addition (and very importantly) the model
predicts a decrease in sensitivity of burn rate to cross flow with increasing
port diameter, in agreement with the observations of motor developers. The
modeling effort described in Appendix C (and earlier references) was limited to
two-dimensional channels: during the last year of the program, the model was
straightfowardly modified to treat axisymmetric port geometries as well. 1In
addition, the capability of treating the effects of zirconium as an ingredient
(though only on a heat-sink basis) was added.

During the final year of the contract, an additional model, for
prediction of the effects of pressure, crossflow velocity, and heat of explosion
on the burning rates of NC/NG double-base propellants was developed and tested
against existing data. This effort is described in Appendix D, a copy of a paper
to be presented at the AIAA/SAE/ASME 17th Joint Propulsion Conference in July,
1981. 1In this study, a flame~sheet model of double-base propellant burning rate
as a function of pressure and heat of expiosion was first developed and found to
give excellent agreement with data except a: extremely low pressures. Two models
of the effects of crossflow were then developed as extensions of this base model.
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In the first, the fizz zone was assumed to be sufficiently structured

to prevent turbulence penetration, the only burn rate augmentation
mechanism being amplification of transport properties in the dark zonme
(sufficient to cause final flame influence) by crossflow-induced
turbulence. This model seriouslv underpredicts crossflow effects. In
the second model, the fizz zone was treated as a gas in terms of fluid
dynamics with resultant amplification of transport properties in both
the fizz and dark zones. This approach gave reasonably good agreement
between predicted and measured burning rates over a wide range of cross-
flow conditions.

References:

King, M. "Effects of Crossflow on Solid Propellant Combustion: Interior
Ballisticc Design Implications”, 1976 JANNAF Propulsion Meeting, Atlanta
Georgia, December 1976, CPIA Publc. 280, Vol. V, p. 342.

King, M.K., "Predicted and Measured Fffects of Fressure and Crossflow
Velocity on Composite Propellant Burning Rate", 17th JANNAF Combustion
Meeting, Hampton, Va., September, 1980. CPIA p. 61. 329, Vol. I, Nov.
1980, p. 99

King, M.K., "An Investigation of the Effects of Formulation Parameters
on Erosive Burning of Composite Propellants", 16th JANNAF Combustion
Meeting, Monterey, Calif., Sept., 1979. CPIA Publ. 308, Vol. II,

Dec., 1979, p. 171

- - YT
e L AR TV L N Ay, e R O e 4, Lo R T A R T




Fj*w”';' AU . I o DR PO IS S g e S s e i

s 2% pTE R it
o . N R ket s G S = -5

L5 g rt 2y Eoforides
A A
.

PUBLICATIONS GENERATED BY ATLANTIC RESEARCH UNDER
CONTRACT F49620-78-C-0016*

King, M. K., "Model for Steady State Combustion of Unimodal Composite Solid
Propellants,” ALAA 16th Aerospace Sciences Meeting, Huntsville, Alabama,
; January 1978, AIAA Paper No. 78-216.

King, M. K., "Erosive Burning of Composite Solid Propellants: Experimental

. and Modeling Studies,” AIAA/SAE l4th Joint Propulsion Conference, Los Vegas,

5 Nevada, July, 1978. Also, Journal Of Spacecraft and Rockets, 16, 3, May-June,
19790 Pe 154.

King, M. K., "Erosive Burning of Composite Solid Propellants,” 15th JANNAF
Combustion Meeting, Newport, R.I., September, 1978, CP"A Publication 297, Vol.
1I, pp. 179-88, Fub., 1979.

King, M. K., "A Model of the Effects of Pressure and Crossflow Velocity on
Composite Propellant Burning Rate,” AIAA Paper 79-1171, AIAA/SAE/ASME 15th
Joint Propulsion Conference, June, 1979, Las Vegas, Nevada.

King, M.K., "An Investigation of the Effects of Formulation Parameters on
Erosive Burning of Composite Propellants," 16th JANNAF Combustion Meeting,

Monterey, California, Sept. 1979. CPIA Publication 308, Vol. II, Dec., 1979,
p. 171.

King, M.K., "Experimental and Theoretical Study of the Effects of Pressure
and Crossflow Velocity on Composite Propellant Burning Rate," 18th Symposium
(International) on Combustion, Waterloo, Canada, 1980. To be printed in
Meeting Proceedings.

) King, M.K., "Predicted and Measured Effects of Pressure and Crossflow Velocity
& on Composite Propellant Burning Rate', 17th JANNAF Combustion Meeting, Hampton,
2 Va., Sept. 1980, CPIA Publ. 329, Vol. I, Nov., 1980, p. 99.

;; King, M.K., "A Burning Rate Model For Double-Base Propellants With and
Without Product Crossflow,' 1lst International Specialists Meeting of the
Combustion Institute, Bordeaux, France, July, 1981. To appear in Proceedings

) Volume.
&3 King, M.K., "A Model For Prediction of Effects of Pressure, Crossflow Velocity,
-0, and Heat of Explosion on Double-Base Propellant Burning Rate", AIAA Paper

81-1555, AIAA/SAE/ASME 17th Joint Propulsion Conference, Colorado, Springs,
Colorado, July, 1981.

j-g * See Appendices A and B for Publications Generated by Penn State and ARAP
Under contract F49620-78~C-0016
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PEOFESSIONAL PERSONNEL ASSOCIATED WITH
ATLANTIC RESEARCH EFFORT UNDER CONTRACT F49620-78-C-0016

Dr. Merrill K. King - Principal Investigator, Analytical Modeling,
Test Selection, Data Analysis

Mr. Stephen Kunkel - Test Direction
Mr. Phillip Graham - Propellant Formulation
Mr. Merlin Larimer - Propellant Formulation

Mr. Robert Wallace = Testing
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1.

2.

3.

4.

INTERACTIONS (COUPLING ACTIVITIES) INVOLVING
ATLANTIC RESEARCH PERSONNEL*

Dr. King participated in the Velocity-Coupled Combustion Instability
Workshop held at the US Naval Postgraduate School during the 16th JANNAF
Combustion Meeting, September, 1979,

Dr. Xing had several conversations with Dr. Robert Hermsen (CSD) during
August-September, 1979, regarding both the first and second generation
erosive burning models and the Atlantic Reseasrch erosive burning data
base developed under this program, with the object of incorporating this
information into the Solid Rocket Performance Program being developed by
CSD and Software Engineering Associates for AFRPL.

H. P. Sauerwein, A. Lampert, and R. H. Schmucker (Bayern Chemie, West
Germany) have incorporated our first generation erosive burning model
into an interior ballistics code to very successfully predict performance
of small tactical rockets. Results of this work were presented at the
53rd AGARD Propulsion and Energetics Symposium in Oslo.

Atlantic Research, with SEA as a subcontractor, is currently developing
a Nozzleless Motor Performance Computer code under contract to AFRPL.

A major part of this development involves incorporation of Dr. King's
second generation erosive burning model into the code for prediction of
burning rate as a function of pressure, crossflow velocity, grain port
diameter, and axial location along the port.

* See Appendices A and B for similar information regarding the Penn State
and ARAP subcontracts.
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TURBULENT BOUNDARY~-LAYER ANALYSIS
AND EXPERIMENTAL INVESTIGATION OF
EROSIVE BURNING OF COMPOSITE SOLID PROPELLANTS*

<
Final Report
‘f to
;g Atlantic Research Corporation
X Alexandria, Virginia 22314
.ﬁ
i Contract No. F49620-78-C-0016
#
“
d
3
+4 Prepared by:
ﬁ
r% Kenneth K. Kuo
& and
y ; Rohit Arora

Al
PEAYLY

Mechanical Engineering Department
The Pennsylvania State University
University Park, Pennsylvania 16802

April 1, 1981

*This research work was conducted under a subcontract from the Atlantic
Research Corporation which is the prime contractor for AFOSR under the
management of Dr. L. H. Caveny. The processing of propellant samples
arranged by Dr. D. George at AFRPL and by Dr. M. K. King at Atlantic
Research Corporaticn is highly appreciated. The assistance of
Dr. M. K. Razdan, Mr. F. X. White, Mr. H. Kamath and T. White of The
Pennsylvania State University is acknowledged.
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Summary and Conclusions

The purpose of this study was to investigate the frequently encountered
phenomenon of erosive burning of composite solid propeliants in rocket motors.
Both theoretical and experimental investigations were conducted to acquire a
deeper understanding of the basic mechanism of erosive burning. In the
experimental work, two~dimensional propellant slabs were used in a windowed
test chamber with hot combustion product gases flowing over the sample at
various velocities (subsonic and supersonic) and chamber pressures for four
different AP-based composite propellants. The instantaneous regression rate
of the propellant was recorded by a high speed movie camera and deduced
through a motion analyzer. Erosive burning rate correlations were developed
which relate the burning-rate augmentation factor to velocity and pressure.

|
s
|
:

In the theoretical work, the propellant burning process was described
by considering a quasi-steady two-dimensional (planar or axisymmetric)
chemically reacting, turbulent boundary layer over a propellant surface.

For the axisymmetric case, the flow in the core region was solved with the
flow in the viscous boundary layer region. K-€ turbulence closure, along
with the eddy-breakup concept of Spalding was used for the reacting turbulent
boundary layer analysis. The theoretical model, comprised of a set of
partial differential equations, was solved numerically.

Comparison of the theoretical results with the experimental data obtained
under the present contract and that obtained from existing literature, showed
a close agreement. From the results of this study, the mechanism of erosive 3
burning is believed to be the increased turbulence activity near the re-
gressing propellant surface as the cross flow velocity is increased.

Both experimental and theoretical results show that the erosive burning
rate is more pronounced at higher pressures than that at lower pressures.
Erosive burning rate of a rocket motor is found to decrease as the inner
diameter of the propellant grain increases. The erosive burning rate was
found to correlate well with pressure and freestream velocity for all four of
the different composite propellents studied.

Publications

s The papers and reports, representing the results obtained through the
: B sponsorship of this program,which were published or accepted for publication
o and presentation are attached with this report and listed below.

1. Razdan, M. K. and Kuo, K. K., "Erosive Burning Study of Composite Solid
Propellants by Turbulent Boundary-Layer Approach," AIAA Journal, Vol. 17,
No. 11, November 1979, pp. 1225-1233.

2. Razdan,M. K. and Kuo, K. K., "Measurements and Model Validation for
Composite Propellants Burning Under Cross Flow of Gases," AIAA Journal,

Vol. 18, No. 6, June 1980, pp. 669-677.
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3. Razdan, M. K. and Kuo, K. K., "Turbulent-Flow Analysis and Measurements %
; of Erosive-Burning Rates of Composite Solid Propellants,'" AIAA Papar No. 7
' 80-1209, AIAA/SAE/ASME 16th Joint Propulsion Conference, Hartford, CT, §
June 30-July 2, 1980. 5
4. Razdan, M. K. and Kuo, K. K., "Turbulent Boundary Layer Analysis and ;
Experimental Investigation of Erosive Burning Problem of Composite Solid E
Propellants," Scientific Report to AFOSR, March 1980 (192 pages).(not attached) 3
. 5. Kuo, K. K. and Razdan, M. K., "Erosive Burning of Solid Propellants," %
4 accepted as a chapter of the book entitled Fundamentals of Solid Pro- 3
) pellant Combustion being edited by K. K. Kuo and M. Summerfield for 3
AIAA Progress Series, 1980. j
6. R. Arora, F. X. White, and K. K. Kuo, "Erosive Burning of Composite §
Propellants Under High-Velocity Cross Flow Conditions,' AIAA Paper %
No. 81-1581, to be presented in the AIAA/SAE/ASME 17th Joint Propulsion §
Conference, Colorado Springs, CO, July 26-29, 1981. %
2
E
Linkage with Other DoD Sponsored Programs g
,‘.E
3
The erosive burning chamber designed and fabricated under this contract
- has been demonstrated to be useful in obtaining erosive burning data. This
test rig is being used currently for measuring the erosive burning character-
istics of a Navy propellant under a contract sponsored by Naval Ordnance
Station, Indian Head, Maryland.
This facility will also be used for future research programs sponsored
2 by DoD agencies in the area of propellant combustion and propulsion.
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APPENDIX B

FINAL REPORT FROM AERONAUTICAL RESEARCH ASSOCIATES
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ANALYSIS OF INJECTION - INDUCED FLOWS IN POROUS - WALLED DUCTS
WITH APPLICATION TO THE AEROTHERMOCHEMISTRY OF
SOLID - PROPELLANT MOTORS

A final report prepared under contract ARC-P.0.12181
for
- Atlantic Research Cerporation
5390 Cherokee Avenue
Alexandria, Virginia 22314

Dy
Robert A. Beddini

Aervnautical Research Associates of Princeton, Inc.
- P.0. Box 2229
50 Washington Road
Princeton, New Jersey 08540

May, 1981
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SUMMARY

A theoretical analysis of injection-induced flows in porous ducts
has been presented with application tu the aerothermochemistry of solid
propellant motors. Major assumptions and analytical restrictions are

summarized in Table 2.1.

A literature review of injection-induced flows in porous tubes
indicates that for large injection Reynolds rumbers the flow development
may be characterized by three distinct regimes. Within a relative axial
distance of x/R = 5-10, as measured from the closed (head) end, the
axial velocity profile attains the form predicted by laminar similarity
theory. For relative axial distances of this same order, the flow can
undergo a turbulent transition with turbulence intensities greater than
10% of the axial velocity component observed. Within this second regime
the mean axial velocity profile continues to correspond with laminar
s:imﬂarity theory, while the turbulence intensity profile undergoes
further development. The pronounced maximum in the turbulence intensity
profile lies midway between the centerline and inner surface of the tube

at values of x/R < 10. The height above the surface at which this

_maximum occurs decreases with increasing axial distance. Finally, a

third flow regime has been observed in one experimental apparatus (that
of Olson, 1964, and Huesmann-Eckert, 1968), and .3 initiated by

transition of the mean axial velocity-profile.
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Table 2.1. Summary of Assumptions

Preliminary Gas-Phase Assumptions

a)
b)
c)

d)
e)

f)

g)

h)

External body forces and the coefficient of bulk viscosity are
negligible. -

Effects of radiation on mass, momentum, and heat transfer are
negligible.

Species diffusion due to thermal and pressure gradient effects is
negligible, and all binary diffusion coefficients are equal.

The Lewis number is unity.

Specific heats of the chemical species are equal and independent
of temperature.

The flow is steady in the mean, and the contribution of the time
derivative of pressure appearing in the tota! enthalpy equation
(Eq. (2.3)) is negligible.

The term in brackets in the total enthalpy equation (Eq. (2.3)) is
negligible. This condition is satisfied if either
1) Combustion occurs in a low Mach number region of the flow, or
2) The Prandtl number is nearly unity, the mean flow is of
boundary layer type (gradients are large in a direction
normal to the principal flow direction) and the contributions
of turbulent dissipation and velocity divergence effects
appearing in the total enthalpy equation are negligible.

Combustion of a homogeneous reactant mixture proceeds through a
single step, irreversibla, chemical reaction.

Condensed Phase Assumptions

i)
J)

k)
1)

m)
")
0)
P

q)

The condensed phase is homogeneous.

The condensed phase is stationary in the reference coordinate
system.

Material properties are constant.
Species diffusion is negligible.

Radiation effects at the interface and in the condensed phase are
negligible.

The interface velocity is small relative to the characteristic
flow velocity.

Subsurface chemical reactions, if present, are in equilibrium with
the surface mass flux.

The surface reaction is rate-limited and governed by a zeroth-order,
irreversible Arrhenius kinetic expression.

Condensed phase processes are quasi-steady.
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r) Heat transfer in the condensed phase occurs only in the direction

normal to the interface and is confined to a boundary layer which
: is thin compared with the local interface radius of curvature and
‘ the mea:. fluid dynamic length scales.

Final Assumptions

s) The gas-phase species-average molecular weight is equal to the
molecular weight of the mixture at equilibrium,

t) The effects of turbulence are modeled using a second-order-closure
technique with the effects of turbulence on the gas-phase reaction
rate correlations (combust1on-turbu1ence interaction) consistently
included in the analysis.

u) The flow is two-dimensional in the mean and is either axially
symmetric or symmetric about the centerline of a planar duct.

v) The radius (R) of the cylindrical duct or the half-height (§) of a
planar duct is independent of axis! position.

w) The flow is of boundary layer type; viz., gradients of the depen-
dent variable normal to the surface are assumed much larger than
axial gradients, with the normal gradient of static pressure

- assumed negligible.
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Theoretical results from the present aqalysis are found to be in
good agreement with laminar similarity theory and the mean axial
velocity profile data of Yamada, et al., and Dunlap, et al., (Regime 2).
Agreement to within several percent is obtained in comparison with the
transitionﬂ mean flow data of Huesmann and Eckert which, in view of the
hydrodynamic sensitivity of this phenomenon, is considered quite
encouraging. Agreement between the present calculations and turbulence
intensity data in Regime 2 ranges from qualitati\(_e‘(for the intensity
profiles reported by Yamada, et al.) to quantitative (within
approximately 20% for the other maximum intensity data of Yamada, et
al., and the profile data of Dunlap, et al.). Detailed measurements of
mean flow and turbulence structure in Regime 3 have not been reported.
The character of the flow within Regime 3 is predicted to be similar, in
some respects, to wall-bounded turbulent shear flows with injection
(e.g., the behavior of friction coefficient), with turbulent

Poiseuille-flow conditions asymptotically approached as x/R increases.

. The sensitivity of turbulence development in Regime 2 and the
attendent' mean-flow transition process have been assessed for two types
of disturbance. Ine first type originates within the head-end region
(x/R ~1), as caused, for example, by the vortex shedding off the

impermeable head-end surface observed by Yagodkin. This type is

* simulated by specifying finite relative turbulence intensity

distributions as computational “"initial" conditions at x/R = 1-10. The
second type of disturbance is caused by high fluid injection rates
through a porous medium - the "jet coalescence" phenomenon

experimentally observed by Pimenta and Moffat and others. This type of
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pseudo-turbulent ‘disturbance has not been theoretically examined in

s

prior work on porous tube flews or more generii boundary-layers with

injection. It is modeled in the present analysis as a finite value of

the transverse velocity autocorrelation at the tube surface; the root
mean square of this value assumed (in the absence of detailed

experimental data) to be proportionate to the mean injection velocity.

The results of the sensitivity studies may be summarized as

follows.

(a) For either type of disturbance and for any of the disturbance

levels investigated, the present results for the loci of axial-flow
- Reynolds number at mean-flow transition (Rec tp) as a function of
injection Reynolds number (Reg) follow the trend predicted by
;- planar linear stability-theory for the initial destabilization
2 (turbulent transition) of the flow. In particular, for large

values of Reg (> 300) the present results indicate the linear

relation
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with the constant of proportionality generally dependent on the

g

magnitude and type of disturbance. The linear high Reynolds number

Sy

relation for transition of the mean velocity profile in nonreactive
porous-tube flows also implies that the axial distance required for

transition is independent of injection Reynolds number.
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(b)

(c)

(d)

The growth rate of the maximum value of turbulence and the
downstream location of mean flow transition are quite sensitive to
the relative turbulence level specified at the initial station when
this level is small (less than 5% of the mean speed). In such
cases the tube lengths required for mean-flow transition can be
relatively large (x/R > 50j, and the present compressible flow
calculations indicate that the flow can “choke" before mean-flow

transition is attained.

The location of transition becomes nearly insensitive to relative
initial turbulence levels when such levels are large (greater than
approximately 15%). The "excess" turbulence is found to linearly
decay in the upstream portion of Regime 2. Evidence of this
behavior is found in some of the experimental data of Yamada,
et al. This result indicates that quasi-equilibrium turbulence
development can occur in Regime 2, and that while the mechanisms of
flow destabilization in Regime 1 and turbulence development in
Regime 2 may be different, the processes exhibit a similar

dependence on injection Reynolds number.

Disturbances introduced at the porous tube surface are predicted to
be much more effective in inducing mean flow transition than are
disturbances introduced within the upstream region of the flow.
For example, a moderate level of disturbance (3.5% of the mean
injectioh velocity) is theoretically found to reduce the mean-flow

transition length to x/R = 16,
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(e)

(f)

There is little effect of the roughness of the porous tube surface
(typically, 10-100um) on mean flow transition. The disturbance
level and length scale caused by fluid injection through a porous
medium (d) appears to create a virtual roughness much larger than

the actual physical roughness.
There is little quantitative difference between the porous tube and
channel results for mean flow transition, when expressed in terms

of the axial-flow and injection Reynolds numbers defined herein.

With respect to application of the present theory to the

aerothermochemistry of the solid propellant motor (viz., the erosive

burning problem), the following conclusions may be drawn.

(g) Good agreement has been_obtained in comparisons of theoretical

results with axial pressure distribution data in a laboratory motor
experiencing severe erosive burning. The predicted behavior and
magnitude of erosive burning is found comparable to that displayed
by the Lenoir-Robillard theory. Both theories require some form of
calibration or estimation of empirical constants or physical
parameters. For the Lenoir-Robillard theory, the empirical
coefficients were evaluated by Stokes, et al., using a
least-squares procedure to correlate the pressure distribution
data. For the present theory, the thermochemical parameters
required to approximate the nonerosive combustion of the propellant
are first estimated. Exposing the propellant to the theoretically

predicted flow within the laboratory motor yields an erosive
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(n)

(1)

burning response, the magnitude of which is sensitive (in part) to
the assumed value of propellant surface roughness. The values of
surface-roughness height which provide the best agreement with

experimental data are believed quite reasonable.

The essential features of the flow within a solid propellant motor
are found to be similar to those predicted for nonreactive
injection-induced porous duct flows. In particular, the initiation
of erosive burning (the threshold condition) is consistently found
to be preceded by transition of the mean axial velocity profile
within the grain port. Comparing the present predictions with the
classical and conventional concept, i.e., that erosive burning is
due to enhanced (turbulent) thermal diffusion within a coexistent
viscous sublayer/combustion zone, it is noted that no revolutionary
mechanism of erosive burning is proposed. Rather, the present
results, together with cold-flow data, imply that unless the mean
flow undergoes transition, one does not have a well-defined
sublayer to support conventional assumptions and approaches to the

erosive burning problem.
The transition and threshold phenomena are found to vary with the

size and, more generally, the Reynolds numbers of the flow. The

threshold scaling may be expressed as

Rec, threshold ~ Reg

where x is found to be approximately 1.26 in calculations for
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specific, but representative propellant conditions. The mean flow
transition behavior is found to scale similarly, but with the
slightly lower value of x = 1.22. The predicted dependence of the
threshold condition on injection Reynolds number is found to be
larger than that exhibited by other theories examined (particularly
the Lenoir-Robillard theory, for which x = 1) and reflects the
physical processes consi@ered. The present results appear to
provide better agreement with scale-up of the threshold condition
from laboratgry and sub-scale to full-scale motors, and hence
appear to reconcile the absence of erosive burning observed in

large (booster-type) motors.

_ It is also noted that the predicted value of x = 1.0 for mean flow

transition scaling in nonreactive flows differs from the x = 1.22
value obtained for a rea_ctive system. This indicates that the
presence of a combustion zone, though quit; close to the surface,
is nevertheless able to interact with the fluid dynamics so as to
alter both the magnitude and scaling of transition. The latter
effect is not believed to be exhibited by prior erosive burning

theories.

Two models which have been proposed for the normal combustion of
ammonium pechlorate (AP) have been examined with regard to their
predicted erosive burning response under similar flow conditions.
Since both combustion models (due to Beckstead, et al., 1971; and
Guirao-Williams, 1971) are able to correlate the normal
burning-rate behavior of AP, it is difficult t.o establish the

validity of either model on this basis. However, the two

SEEIA TSR RS Ak LR i

i3 Y e RS oy L
e R AL

)

. Al Vo Al 7 2 23 e T . -
3 -+ S At % '~
And sl e N e 2 T T i

S Db A £ 3

v

PR Rk ok EEReGe e

GZRe o A R




T

e T
oA YO N

PR AL %x\”‘rf«’,‘ﬁ(

o5 f

combustion models ar;e found to yield substantially different
predictions for erosive burning, which is principally due to the
different estimates of reaction zone thickness (flame height)
intrinsic to the models. The difference in erosive burning
prodiced by the two established combustion models illustrates the
importance of. this aspect of the problem - apart from the
description of fluid dynamics, and the need for further research in

this area.

The effects of turbulence on the gas-phase reaction rate
(combustion-turbulence interaction) have been assessed. The
analysis includes the contributions of both the mean reaction-rate
and the reaction-rate correlations appearing in the turbulence
transport equations. In comparison with results obtained without
the effects of CTI, the results obtained with CTI show negligible
effect on the propellant burning rate under erosion conditions. In
particular, no evidence has been found that CTI causes a reduction
in burning rate at lower axjal-velocity conditions ("negative

erosion”), as hypothesized by Vilyunov and Dvoruashin.

Despite the negligible effects on burning rate, CTI is found to
cause appreciable changes in the temperature autocorrelation,
turbulent heat flux, and mean reaction-rate profiles. For the two
sets of parametric conditions principally investigated, regions
wherein the mean reaction rate is approximately doubled or halved
by CTI are predicted. The competitive physical processes which
maintain a nearly constant burning (deflagration) rate under these

circumstances are obscured by the numerical solution procedure, and

-~ > X " STTTW v W
T § 9y " T T
I~ O YA St a e B




T T e T T T TR T T - e o [
AR~ « . N v e e ROTER ~ ~ - g SEA

R

arouse considerable curiosity. Qualitatively similar numerical results have

% recently been reported by Borghi and Dutoya (1979) for a completely gas~phase E
c blems. n
; problems 7%
i For further detail, the reader is referred to A.R.A.P. Report No. 449, g
? May 1981, from which the above summary was extracted. %
% g
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1)

2.)

3.)

4.)

INTERACTIONS

Mr. Beddini presented results from the combustion-turbulent interaction

phiase of research at the 16th JANNAF Combustion Meeting, Naval Postgraduate

School, Monterrey, CA, Sept. 10-14, 1979.

While at that meeting, he discussed various aspects of flowfield-inter-

action effects on velocity coupling. The individuals princiapally involved

in the technical discussion were Mr. Jay N. Levine of AFRPL and Dr. Ronald

Derr of NWC/China Lake.

Dr. Robert Hermsen (of United Technologies/Chemical Systems Div.) and Mr.
Beddini had several discussions during July - September, 1979.

Dr. Hermsen forwarded a revised copy of a graph showing the scaling of the
erosive burning threshold condition that was previously published by Mr.

Beddini. Dr. Hermsen had added new data from several CSD motors and

indicated that this provided further support for the scaling relation

developed under AFOSR sponsorship. Dr. Hermsen was investigating the

implementation of the threshold criterion in the Solid Rocket Performance

Program being developed by CSD for AFRPL.

While at the AFOSR/RPL Reserarch Meeting (March 20-22, 1979), discussions
were held wich Dr. Dawell George of AFRPL concerning the applicability of
the SPEC model to the upcoming RPF "Nozzleless Performance Program." Mr.
Beddini indicated that direct incorporation of the SPEC model in the NNP
would be somewhat premature in the time-frame of interest to AFRPL.

However, results from the SPEC model could be used as a guide in the

selection of suitable erosive burning models.
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APPENDIX C
Technical Paper Summarizing
Atlantic Research Experimental
and Analytical Studies of Erosive
; Burning of AP-Composite
3 Propellants
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PREDICTED AND MEASURED EFFECTS OF PRESSURE
AND CROSSFLOW VELOCITY ON COMPOSITE
PROPELLANT BURNING RATE¥

Merrill K. King
Atlantic Research Corporation
Alexandria, Virginia 22314

ABSTRACT

A theoretical model for prediction of burning rates of composite
(ammonium perchlorate oxidizer) solid propellants as a function of pressura
and crossflow velocity has been developed. Included in this model is the
capability for treatment of multimodal oxidizer particle sizes and mctalized
formulations. In addition, an experimental device for measuring the effects of
crossflow velocity on propellant burning rate has been developed and used to
characterize a series of AP/HIPB propellants with systematically varied
formulation parameters. Model predictions of zero-crossflow burning rate
versus pressure characteristics have been found to be in excellent agreement
with data, while the agreement between erosive burning predictions and data is
in general good. The experimental data indicate that the dominant factor
influencing the sensitivity of composite propellant burning rate to crossflow.
is the base (no-crossflow) burning rate versus pressure characteristics of the
propellant (lower base burning rate leading to increased crossflow sen-
sitivity) with other factors having at most a second order effect outside their
influence on base burning rate. For example, three formulations with widely
different compositional and ingredient particle size parameters but with
nearly identical base burning characteristics exhibited very similar erosive
burning characteristics. Finally, the model has been used to examine the
effects of motor scaling on erosive burning: erosive burning is predicted to
diminish with increasing motor size, in agreement with experience.

INTRODUCTION AND BACKGROUND

Erosive burning, the alteration of propellant burning rate by high
velocity product £low across the burning surface, has become an increasingly
important phenomenon with the advent of very low port-to-throat area ratio
c¢ylindrically perforated motors and nozzleless motors. The motor designer
must be able to predict this burning rate modification and in particular
understand the effects of motor scaling and length/diameter ratio on erosive
burning in order to properly carry out his function. In additiom, the
propellant chemist needs to understand the effects of various formulation
parameters on the sensitivity of a propellant to crossflow in order to tailor
propellants to desired ballistic characteristics.

*Research sponsored by the Air Force Office of Scientific Research (AFSC),
United States Air Force, under Contract F49620-78-C-0016. The United States
Government is authorized to reproduce and distribute reprints for Governmental
purposes notwithstanding any copyright notation hereon.

Approved for Public Release. Distribution Unlimited.
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Over the past several years, this investigator has been conducting an
experimental and analytical study of the erosive burning of composite
oropellants with the aims of determining how various formulation parameters
influence the sensitivity of propellant burning rate to crossflow, developing
an a priori burning rate model (second generation model) which will permit
accurate prediction of composite propellant burning rate as a function of
pressure and crossflow velocity given only the formulation composition and
solid ingredient particle sizes, and developing scaling laws to permit
extrapolation of erosive burning data obtained in test devices and small motors
to larger motor situations. Details of the model development, with the
exception of the treatment of effects of aluminum additive on burning rate, are
presented in References 1 and 2. During the past year, the model has been
slightly modified to more accurately treat the augmentation of tramsport
properties by crossflow-induced turbulence, and it has been extended to treat
aluminized formulations as well as non-metalized ones.

Since there is a dearth of systematic experimental erosive burning data in
the literature, a test device has been developed and used to characterize the
erosive burning behavior of a series of AP/HIPB composite propellants with
systematically varied formulation properties. Zero-crossflow predictions and
data have been generated for thirteen non-catalyzed AP/HTIPB formulations (four
containing aluminum) while crossflow data and predictions have been obtained
for ten of these formulations to date. A brief description of the model (with
emphasis on its extension to treat metalized propellants), comparison of
theoretical predictions with data, and definition of major parameters af-
fecting composite propellant crossflow sensitivity are presented in the
following sections.

MODEL DESCRIPTION

The major elements involved in development of a complete a priori model
for prediction of composite propellant burning rate as a function of pressure
and crossflow velocity include development of a no-crossflow composite
propellant model (embodying many of the concepts of the Beckstead-Derr-
Price(3) model) for prediction of burning rate as a function of pressure in the
absence of crossflow, followed by incorporation of modifications based on two
postulated mechanisms for augmentation of heat feedback from flames in the gas
phase above the propellant surface by crossflow. (See Figure 1). As discussed
in Reference 2, several variaunts of a basic no-crossflow model were developed
for unimodal-oxidizer non-metalized propellants, with one variant finally
being selected for extension to treatment of formulations containing multi-
modal oxidizer and metal fuel.

The basic model centers around an energy balance at the pcopellant
surface. In this balance, the product of the propellant burning mass flow and
the heat required to raise the ingredients from ambient temperature to the
surface temperature (related to the burning rate by an Arrhenius function) plus
the heat required to vaporize that fraction of the ingredients which do not
exothermically react just below the surface is equated to the sum of the heat
release rate from subsurface reactions and the rate of heat feedback from the
two gas flame zones depicted in Figure 1. (For metalized formulations, as
discussed later, an additiomnai heat release zone associated with burning of the
metal in the gas above the propellant surface, not depicted in Figure 1, is also
considered.) Thus, the burning rate of non-metalized formulations is
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controlled by three principal heat release zones: (1) heat release in a thin
subsurface zone just adjacent to the propellant surface; (2) heat release in
the gas phase above the propellant from ammonium perchlorate decompositio-
products burning as a nonpropellant; and (3) heat release from a diffusion
flame between the AP decomposition (and monopropellant flame) products and
fuel vapor released by binder pyrolysis.

The subsurface heat release is calculated by an iterative process,
coupled with the remainder of the model, in which an estimate of the subsurface
temperature profile is made and substituted into an Arrhenius rate expression
representing subsurface heat release data measured by Waesche and Wenograd(a),
which is then integrated from the surface to a depth where the temperature
drops below the melting point of AP to obtain the total subsurface heat release
per unit mass of propellant. This is then multiplied by the burning mass flux
to yield a heat release rate. This procedure differs markedly from that of the
BDP model in which the amount of subsurface heat release per unit mass of
propellant is assumed to be a constant, independent of such parameters as
burning rate, and is included with the binder heat of vaporization. Since the
subsurface temperature profile steepens rapidly with increasing burning rate,
while surface temperature increases with burning rate, the procedure used
herein results in the subsurface heat release per unit mass of propellant
varying with the burning rate.

For the gas phase, a two-flame approach was chosen for this model, the two
flames being an AP monopropellant flame and a columnar diffusion (Burke~-
Schumann(5)) flame. As indicated in Figure 1, three distance parameters
(FH90sing, Lpp, and Lpyx) are important in calculating heat feedback from these
gas flames to the propellant surface. FH90 refers to the distance associated
with completion of mixing of 90 percent of the fuel and oxidizer gas products,
while Lgy and Lpp are reaction distances (products of reaction times and gas
velocity away from the surface) associated with the binder gas-oxidizer gas
flame and the monopropellant AP gas flame, respectively. As discussed below,
flame bending associated with crossflow is postulated to reduce the distance
from the surface to the end of the mixing region, measured perpendicular to the
surface, by the factor sing, where 9 is the angle between the surface and the
resultant vector of the transpiration and crossflow velocities.

Heat release from the AP monopropellant flame is assumed to occur at one
plane, resulting in a discontinuity in the temperature derivative at its point
of release, while the columnar diffusion flame is assumed to release its heat
in a distributed fashion (the distribution being defined by a Burke-
schumann(3) analysis) between distances Lgx and Lgg + FH90sind from t+-
surface.

Details of the equation development for the unimodal oxidizer, non-
metalized propellant model and the solution procedure are presented in
References 1 and 2. Included in the model are three "free" constants to be
chosen by optimization against data. These three constants are pre-
exponentials associated with the subsurface heat release rate expression and
the two rate expressions used to calculate the gas-phase reaction times. These
constants were chosen on the basis of no-crossflow burning rate versus pressure
data for four unimodal oxidizer AP/HIPB (hydroxyterminated polybutadiene)
formulations and then used unchanged for no-crossflow and crossflow calcu-
lation for multimodal oxid‘zer and metalized formulatioms.
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Extension of the basic model to treat multimodal oxidizer propellants was
carried out in a very straightforward manner using a minor variation on Glick's
"petit ensemble" approach(®). In Glick's approach, a propellant containing
oxidizer particles of different sizes is broken into a series of sub-
propellants, each of which contains oxidizer of only one size. The sub-
propellents are assumed to burn non-interactively, with the unimodal oxidizer
model being used o calculate a mass flux for each, and straightforward
averaging weighted according to fractional surface areas associated with each
subpropellant then being used to obtain an overall propellant average linear
regression rate. The only manner in which oxidizer of one size is allowed to
affect the burning rate of a subpropellant containing oxidizer of another size
is through possible influence on the assignment of fuel to that subpropellant.
That is, rather than fuel having to be assigned to each oxilizer size category
in direct proportion to the amount of oxidizer in that categery, the capability
of allowing uneven assignment of fuel to various oxidizer size subpropellants
is included by means of a power law:

Vg,d; = C (Do) XEXPOF (1)

where Vg ,d; is the volume of fuel assigned to a particle of diameter (Dg)j,
XEXPOF 1is ~an arbitrary input power law constant, and C; is a constant
determined by application of overall continuity. It may easily be shown that
XEXPOF = 3 will result in each subpropellant having the same oxidizer/fuel
ratio as the overall propellant. XEXPOF<3, on the other hand, will result in
subpropellants with small oxidizer being more fuel-rich than the overall
propellant and subpropellants with large oxidizer being more fuel-lean, with
the reverse occurring for XEXPOF>3. (Based on preliminary calculations, XEXPOF
has been set equal to 3 in the calculations presented herein.)

As mentioned, one modification to the Glick approach has been
introduced. His averaging procedure involves an implicit assumption that the
average fractional surface area of the total propellant which is subpropellant
i is equal to the volume fraction of the propellant which is subpropellant i.
However, careful examination of the situation indicates that if there are
subpropellants burning at different rates, the slower burning ones will at any
given time occupy a higher fraction of the surface than indicated by their
volume fraction: thus, it seems that an averaging approach based on residence
time distributions is more appropriate. Development of this concept leads to
the average burning rate for XEXPOF=3 cases being given by:

t = 1/3x;/r; (2)
rather than by Glick's formula:

r = Sxiri (3

ri = burning rate of subpropellant i

mass fraction of propellant in subpropellant i
r = average burning rate
The model described in detail in Reference 2 has recently been extended to

treat the effects of aluminum additive on propellant burning rate. The
metal is allowed to affect burning rate both through heat sink effects (altered
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heatup terms in the overall energy balance and a depressed gas diffusion flame
temperature relative to that which would be achieved by the oxidizer and fuel
in the absence cf the metal heat sink) and via conductive and radiative
feedback of heat released by the metal particles burning with the gas flame
products above the propellant surface. Among the phemonema treated in this
model are aluminum agglomeration at the surface, particle velocity lag
relative to the gases leaving the propellant surface, particle ignition delay,
particle combustion, conductive feedback from incremental heat release zones
at various distances from the propellant surface, and radiative feedback. In
the case of multimodal oxidizer propellants, the assignment of various
fractions of the aluminum to the various subpropellants is treated in the same
manner as the assignment of fuel (binder) to these subpropellants. (As with
the assignment of binder to subpropellants containing different size oxidizer
particles, in the calculations presented herein, the assignment of metal was
carried out such that all subpropellants were of the same composition as the
overall formulation.)

Aluminum particles are assumed to leave the propellant surface in two
forms, agglomerated and unagglomerated (virgin), with the agglomerate fracticn
and size being calculated using empirical formulae developed by Beckstead 7

Dac = MAX ‘Dyn, [(1-:) 441‘-1 ] /3Dox c) (4)

¢ = 1-0.0005 D Di0 - 25 1+30(F/C) (5)
Ox,c “UN 1+80(F/C)2

€ = Fraction aluminum not aggliomerated

Dag = Agglomerate diameter (microns)

Virgin metal diameter (microns)

Dun

Dpx,c = Coarse fraction oxidizer diameter (microms)

Volume fraction Aluminum in Propellant

£a1

COX,C = Yo.ume Fraction Coarse Oxidizer in
Propellant

F/C = WYeight of Finest Oxidizer Cut/Weight of
Coarsest Oxidizer Cut

Based on preliminary calculations, agglomerates were assumed to con-
tribute negligible conductive feedback to the proepllant surface due to long

ignition and combustion times. Ignition delay times for virgin particles
subsequent to leaving the surface are calculated from a simple heatup formula:
Pa1 D2 TFinal-T Lmelt (6)
Ciom = 27N c in inal™*s \, m
Y 12 Agas P,Al TFinal-Tign] TFinal-lmeit
ign = Ignition delay time
Pa1 = Aluminum particle density
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Agas = gas thermal conductivity
§
Cp,al = Aluminum specific heat ?
; TrFinal = Equilibrium flame temperature subsequent to al ;
combustion )
Tg = Propellant Surface Temperature
Tign = Aluminum particle ignition temperature (2100°9K)
Tmelt *= Aluminum melting temperature
Lpelt = Aluminum heat of fusion

the particle diameter-time history (and thus burning

After ignition,
burning time

rate) is calculated using a rearranged form of the Belyaev

. formula:
: Deapr = [Dt]“S - (2,0-9/670) At] 0.667 (7)
D¢ = particle diameter (cm) at time t
: De+at = particle diameter at time t+At
At = time increment (seconds) .
- ay = 100 (agg, * nyp0 * np,)/En;

Thus, frow Equations 6 and 7, the fractional consumption of aluminum as a
. function of time subsequent to its leaving the surface is calculated. (Note
: that implicit in Equation 6 is an assumption that the aluminum particle
temperature is equal to the propellant surface temperature when it leaves the

surface.)

For calculation of the distance of the particle from the surface versus
time (required for calculation of the metal heat release distribution) the gas
velocity component normal to the surface is first calculated as a function of
distance from the surface using the propellant burning flux calculated in the
previous loop of the overall trial and error solution procedure along with
assvmption of a linear temperature profile from the propellant surface to the

PRCEI
- e L]

i

£,
Pt end of the columnar diffusion flame zone with subsequent constant temperature.
X Next, a force balance on the particle (with a buoyancy term neglected on the
§§ basis of preliminary estimates for particle sizes of interest):
3 :

5 ~y.3)2
% : Ap = 0.75 pg Cp (Vg~p) (8)
o At Pr1 D
Eiar o
L < AVp = change in particle velocity in time increment At

..z 88

[}

gas density

Pg

Cp drag coefficient
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Vg = gas velocity component normal to surface
‘ Vp = particle velocity compounent normal to
: surface
D = particle dismeter

is integrated outward from the surface, utilizing a fitted drag coefficient
versus Reynolds' Number expressxon with this coefficient assumed (based on
the work of Marshall (9)) to increase by a factor of 2.5 for ignited particles.
. (Actually, Equations 7 and 8 have to be integrated simultaneously subsequent to
) particle ignition since they are coupled through the changing parcicle
diameter.) With coupling of Equations 5-8, the I.action of the total aluminum
in the propellant burned is calculated as a function of distance from the
propellant surface. This is then multiplied by the heat of combustion of
aluminum in the oxidizer/fuel products, calculated as:

‘ QAL = Spm (Trinal=T*)/Xa1 9)
Qa1 = aluminum heat of combustion per unit mass
Com = mixture specific heat
T = equilibrium flame temperature with

non-reacting aluminum

weight fraction aluminum in the
propellant

to yield a distribution of heat release from aluminum combustion versus
distance from the propellant surface. Conductive feedback flux from the
aluminum combustion to the propellant surface is then calculated from:

1 J
‘ 9fdbk,Al,c = ﬁlJZIQj 71:' exp(-tﬁcpri/,\i)] (10)
M = propellant burning mass flux (gm/cm’sec)
q£dbk,Al,c = aluminum feedback flux cal/cmZsec)
Qj = aluminum heat release per unit mass of
propellant at jth node from the
surface (cal/gm)
Cp = product heat capacity
Ax; = gize of ith increment
A = total thermal conductivity (laminar

plus turbulent)assocxated with
ith increment
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Preliminary calculations indicated that radiative feedback should in
general be small, but a very simplified analysis for estimating this feedback
was included. In this analysis, an effective distance from the surface is
input as a free parameter and an effective cloud emmisivity based on the
fractional area subtended by particles in that region is then calculated: for
motors, the distance is chosen to be the port radius while for strands it is
arbitrarily set equal to 1 to 2 centimeters (with the assumption that cooling
due to entrained nitrogen from the surround< gs makes particles further away
ineffective). For the metalized formulations tested and discussed in this
paper, radiative transfer is predicted to have an insignificant effect on
predicted burning rate.

It was originally pustulated by this author that the augmentation of
composite propellant burning rate due to crossflow resulted solely from
shortening of the distance, measured normal to the propellant surface,
associated with mixing of the fuel and oxidizer gases through distortion of the
mixing cone, as depicted in Figure 2. A detailed discussion of this mechanism
is given in Reference 10. From tall-flame theory, for no crossflow, the mixing
distance is related to the burning mass flux and oxidizer particle diameter by:

FH90 = k :hpde (11)

With crossflow (refer to Figure 2) the mass flux in the direction of the
resultant flow is:

m = mp/sing (12)

where § 1is the resultant flow angle. However, the characteristic mixing time
is decreased since the average mixing concentration gradient is increased by
the circular mixing cross-section (in the absence of crossflow) being

converted to an elliptical cross-section with major axis.dp and minor axis
d,sinf. An exact mixing calculation for this geometry is“of course quite

difficult, but replacement of the circle diameter dp by the geometric mean
ellipse diameter, Vd,4sinéd in Equation ll does not Seem unreasonable. With
substitution of (12) into (11), one finds:
FHOO = 2B (4 2 sing) = ki, dy2 (13)
sinf P P P
as in the case of no crossflow. Hcwever, this FH90 is now measured along the

resultant flow vector: accordingly, the distance from the surface to the end of
the mixing zone is reduced to FH90sin§.

Use of an erosive burning package based solely on this mechanism in the
different Generation 2 model variants led in all cases to major under-
prediction of the effect of crossflow on burning rate, indicating that the
flame~-bending mechanism was by itself insufficient. Accordingly, a second
possible mechanism, augmentation of turbulence transport properties in the
region between the propellant surface and the gas~-phase flames was invoked and
combined with the flame-bending mechanism. In this approach, it was assumed
that both the effective thermal conductivity (governing feedback from the
various gas flames) and the effective mass diffusivity (an important parameter
in determining the thickness of the diffusion flame) were increased in
crossflow situations by crossflow-induced turbulence. A flow profile analysis
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permitting calculation of eddy viscosity (and, by analogy, total effective

3 thermal conductivity and diffusivity) as a function of distance from the
& propellant surface for a given crossflow velocity, transpiration velocity
: (determined by the propellant burning rate), and temperature field (depending

; on the location of gas-phase heat release zones) was developed and coupled with
A the combustion model for erosive burning calculations. An improved cal-
: culation of diffusion flame~bending angle was also incorporated in this

{n
E‘ analysis.
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Details of the flow profile analysis procedures are presented in
(A summary of the equations used and the solution procedure

b Reference 2.
’ employed are given in Table I and II.) The outputs from this analysis are used
e to calculate:

Aeffective/Maminar = Deffective/Dlaminar = l*Pe¢/u= F(y) (14)

DA LTS 2o VD Asesazite, bt

to laminar transport
Average

That is, the ratio of total transport properties
properties are calculated as a function of distance from the surface.

total transport property values between appropriate zones are then calculated
and substituted for the laminar values in the diffusional mixing equations and
the heat feedback equations in the original model, revised burn rates and flame
distances are calculated, and the procedure is repeated until convergence is
achieved. As might be expected, this looping proc dure is considerably more
complex in the case of multimodal propellants than for unimodal propellants
since solution of the individual subpropellant cases becomes interactive in ;
the case of crossflow. This interaction occurs because there is only one ;
boundary layer for the overall propellant (that is, one cannot calculate a ;
different boundary layer profile for each subpropellant) with the boundary :
layer details being controlled by the average transpiration velocity, flame
height, surface temperature, etc. for the overail propellant rather than by the
individual values of these parameters for each subpropellant.

#
3
H
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It should be noted that the procedures used for calculating average
transport properties between zones from the distribution of these properties
have been modified from those procedures used in calculation of predicted
burning rates presented in References 2 and il. In the earlier work, linear
averaging was employed, while the modified procedure allows for the fact that
the effect of the gas-phase heat release on burning rate decreases exponen-
tially with the distance of that release from the surface. In additionm, in
calculation of results presented previously, the bent flame was approximated
as being straight with the effective angle being determined by integration of
the velocity vector profile from the surface to the end of the diffusion flame
zone while the effects of flame curvature are included in the current model.

R T N e TN T Lo

Several options for closure of the boundary laver analysis through

specification of an eddy viscosity equation were built into the model: all
entailed use of a Prandtl mixing-length expression of the general form:
7 \7 - -
€= .168 (y+y,)” (DF}< du/dy (13
where DF is a damping factor which is a function of such parameters as blowing
ratio, axial pressure gradient, and roughness height while vy is an oifset
factor dependent on roughness height. Most satisfactory results were found
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with DF set equal to unity (no damping) and y, set equal to zero (no roughness
effect).

EXPERIMENTAL

The experimental test apparatus (Figure 3) and procedures for measuring
burning rates with crossflow are described in detail in Reference 12. A
cylindrically perforated "driver" grain whose length is chosen co give the
desired operating pressure produces a high velocity gas flow through a
transition section into a rectangular channel which contains the test grain.
The test grain extends through the transition section to butt against the
driver grain to eliminate leading edge effects. The test grain is ap-
proximately 40 cm long, 1.90 cm wide, and 2.50 cm deep (web) and burns only on
the 1,90 cm face. The flow chamnel is initially 1.90 x 1.90 cm, opening up to
1.90 cm x 4.40 cm as the test propellant buras. For high crossflow velocity
tests, the apparatus is operated without a nozzle while for lower velocity

tests, a two-dimensional nozzle is employed.

The burning rate is directly measured by photographing the ablating grain
with a high-speed motion picture camera through a series of four quartz windows
located along the length of the test section. Frame by frame analysis of the
films permits determination of instantaneous burning rate as a function of time

at each of the four window locations.

For nozzled cases, the measured location of the burning propellant
surface at each window as a function of time, together with the known constant
throat area, permits straightforward calculation of the crossflow velocity as
a function of time. However, the very sensitive dependence of Mach number on
area ratio for M> 0.5 makes calculation of crossflow velocity from area ratio
measurement quite poor for nozzleless cases. Accordingly, for these tests,
stagnation pressure is determined at the aft end of the test section and used
in combination with the driver chamber pressure for calculation of the
stagnation pressure in the test section as a function of time and positionm.
Static presure wall taps at each window location are used for measurement of
static pressure as a function of time for both nozzled and nozzleless cases.
From the static and stagnation pressure values determined as a function of time
and position down the test section, crossflow Mach Number and velocity are
calculated as a function of time at each window location in the test section for

the nozzleless cases.

The erosive burning characteristics of a series of 11 AP/HTPB formula~
tions (4 with unimodal AP and no catalyst or metal, 5 with multimodal AP and no
catalyst or metal, 1 with multimodal AP and aluminum but no catalyst, and 1 with
unimodal AP plus catalyst) with systematically varied parameters have been
measured in this device to date. In addition, standard strand-burning
procedures have been used to determine zero-crossflow burning rate versus
pressure characteristics for these 11 formularions plus 3 additional multi-
modal AP, aluminized (no catalyst) formulations. The provsllant matrix tested
including the rationale for its selection. is presented in Table III.

EXPERIMENTAL RES*™ ™S AND COMPARISON WITH MODEL PREDICTIONS

Predicted and measured zero-crossflow burning rate versus pressure
characteris-ics of 13 of the 14 formulations are presented in Figure 4-6.
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(Predictions were not made for the catalyzed formulation since the catalyst

] should cause shifting of one or more of the three aforementioned kinetic

: constants and it was felt that the catalyzed formulation data base was

insufficient for re-evaluation of these constants.) As may be seen, agreement

' between predicted and measured 200 psia burning rates is excellent, with all

predictions, covering a wide range of non-metalized and metalized AP/HTPB

formulations, falling within 10 percent of the measured values. Similarly, the

% 1000 psia burning rate predictions and data show excellnt agreement, with only

one point falling outside the 20 percent error band and one falling between

the 10 and 20 percent bands, the remainder agreeing within 10 percent. Aas

i indicated by Figure 6, the 1000 psia predicted versus measured value

comparisons ¢f burning rate pressure exponent are also quite good, all lying

within the 20 pezcent error bands and most within the 10 percent bands.

Accordingly, it appears that development of an accurate zero-crossflow model,

necessary as a first step in developing an adequate erosive burning model, has
been satisfied.

Erosive burning test results are presented in Figures 7-17, in the form of
burning rate versus pressure at various crossflow velocities. In addition,
theoretical predictions are presented for all but the catalyzed formulation
(4869) in these figures. As may be seen, the agreement between data and
predictions for the no-crossflow conditions is excellent, as indicated
earlier, for all formulations except 7996, where the theoretically predicted
burning rates are 10 to 20 percent high. 1In addition, the crossflow effect
predictions agree reasonably well with the data in general. With the baseline
formulation (4525), the theory slightly underpredicts the effect of crossflow
on burning rate while with 5051, 4685, and 5542 (the other three non-catalyzed
unimodal ozidizer formulations) agreement between theory and data is excel-
lent. The model predicts that the high burning rate formulation (5355) should
be quite insensitive to crossflow velocity, in excellent agreement with
experiment. Formulation 5565, on the other hand, appears to be slightly less
sensitive to crossflow than predicted, particularly at the lower pressures (l-
3 MPa). Agreement between theory and data for the remaining three multimodal
oxidizer, non-metalized formulations is good, except that the zero-crossflow
offset between theory and data for 7996 appears to be maintained for the
crossflow cases. Finally, the rather limited data for the metalized
formulation (6626) appear to be in general agreement with predictions.

Results for the wvarious formulations may be compared to identify
parameters dominating the sensitivity of burning rate to crossflow. -Formula-
tions 4525, 5051, and 4685 were identical except for oxidizer particle size
(and, as a consequence) base (no-crossflow) burning rate. Examination of
Figures 7-9 reveals that the crossflow sensitivity increases with increasing
particle size (decreasing base burning rate). For example, at 200 m/sec and 5
MPa, the augmentation ratios for 4685, 4525 and 5051 are about 1.10, 1.60 and
2.00 respectively.

Comparison of data for 4525 a-d 4869, differing only in use of catalyst in
the latter (with consequent higher base burn rate) again shows an increase in
crossflow sensitivity with decreasing base rate. At 5 MPa and 200 m/sec, their
respective burn rate augmentation ratios are 1.60 and 1.10, while at 600 m/sec,
the r/r, values are 2.3 and 1.7. Thus, base burn rate is seen to affect erosion
sensitivity even at constant oxidizer size.

~
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Formulations 4685 and 4869 have approximately the same base burning rate
at 8 MPa although their oxidizer sizes are different. Data comparison
indicates that these formulations have nearly the same sensitivity to low
crossflow velocities at 8 MPa, with the catalyzed propellant being only
slightly more sensitive at higher velocities. Thus, it appears that it the
base burning rate rather than the oxidizer particle size which dominates the
sensitivity of this series of four 73/27 AP/HTPB formulations to crossflow,
though oxidizer size itself does appear to have a slight additional effect,
crossflow sensitivity decreasing with decreasing size at constant base rate.
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Formulation 5542 differs from 4525 in oxidizer/fuel ratio and conse~
quently flame temperature. Since oxidizer particle size was held constant, the
higher O/F ratio results in higher base rate for 5542. The data (Figure 7 and
11) indicate that the crossflow sensitivity of 5542 is considerably lower
over the entire range of conditions studied. Comparison of results for 5565
and 4525, which differ in O/F ratio, but have the same base burning behavior
(due to compensating AP particle size differences) indicates that the
sensitivity of these two formulations to crossflow is nearly identical.
Accordingly, it may be concluded that O/F ratio (and consequently flame
temperature) changes do not directly effect the erosion sensitivity of these
forumulations, but only affect it through their effect on base burning rate.

As indicated in Table III, Formulation 6626 (metalized) has nearly the
same base burning characteristics as 4525 and 5565 and approximately the same
flame temperature as 5565. The data of Figures 7, 12 and 17 reveal that all
three formulations have quite similar erosive burning characteristics. For
. example, at 760 m/sec and 2.8 MPa, the augmentation ratios for 4525, 5565, and
. 6626 are 2.1, 2.25, and 2.1, while at 260 m/sec and 4.0 MPa, they are 1.65, 1.55
and 1.60. These results support a conclusion that the dominant factor
affecting crossflow sensitivity of composite propellants is base burning rate,
largely independent of the factors determining that base rate.

Formulations 5555, 5565, 7993, 7996, and 8019 are identical in composi-
tion (82/18 AP/HTPB) differing only in oxidizer particle size blends, which
were adjusted to give a range of base (zero-crossflow) burning rate versus

. pressure characteristics. In Figure 18, data extracted from Figures 12-~16 are
E plotted in the form of burning rate augmentation factor (r/ry) versus base

L o g

burning rate for three combinations of pressure and crossflow velocity. As may

1 be seen, the augmentation factor decreases monotonically and fairly smoothly

s - with increasing base burning rate, again indicating the importance of that
: parameter on crossflow sensitivity.

A summary of the above comparisons, delineating the effects of various
parameters on crossflow sensitivity of burning rate is presented in Table IV.

MOTOR SCALING EFFECTS

It has been observed in the past that erosive burning effects tend to
diminish with increasing motor size, all other parameters being held constant.
It is therefore of interest to ascertain whether the model described above can
predict such a trend. Accordingly, a series of calculations have been run for
equal crossflow velocities and pressures with different motor diameters.
Typical results are plotted in Figures 19 and 20, comparison being made between
motors with port diameters of 1.0 and 10 inches. As may be seen, erosive
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burning effects are indeed predicted to decrease significaniiy with increasing
motor size. Another point of interest may be made from Figure 20. One of the
weakest links in the use of the flow profile analysis routine outlined earlier
for calculation of the flame bending angle and turbulent transport property
distribution is specification of the ratio of skin friction coefficient with
blowing to that without blowing as a function of the blowing ratio, as
discussed in detail in Reference 2. Accordingly, several different empirical
expressions have been examined (See Figure 21). As shown in Figure 20, the
predicted burning rate augmentation ratio is in general fairly insensitive to
the choice of expression among those considered as reasonable possibilities.

CONCLUSIONS

A fundamental composite propellant combustion model capable of predicting
ourning rate as a function of pressure and crossflow velocity, given only
propellant composition and ingredient particle size has been developed.
Testing against zero-crossflow data for a series of 13 non-catalyzed AP/HTPB
formulations (4 containing aluminum additive) indicates that the model does an
excellent job in predicting the non-erosive burning rate versus pressure
characteristics of such formulations. In addition, erosive burning data have
been obtained for 10 of these formulations: the model also does a good job in
predicting the observed erosive burning behavior of these propellants.

The data obtained to date indicate that the base (no-crossflow) burning
rate characterist_cs of the propellant have a predominant affect on its
sensitivity to crossflow, high burning rate formulations being considerably
less susceptible to erosive burning than low burning rate formulations,
whether the base burning rate alterations are produced by oxidizer particle
size variation, oxidizer/fuel ratio variation, addition of metal, or use of
catalysts. Thus propellants with widely differing oxidizer size distribution,
O/F ratios, metal loadings, etc tend to show identical erosive burning behavior
as long as they have identical base (no crossflow) burning rate charac-
teristics. Oxidizer particle size does appear to have some residual effect
(but only a slight one) beyond its effect on base burning rate, erosion
sensitivity increasing with increasing particle size. An important pre-
liminary conclusion is that aluminum (at least at low levels) does not affect
erosion sensitivity other than through its effect on base burning rate.

The model also predicts a decrease in crosive effects with increasing
motor port size (at equal pressure and crossflow velocity) in agreement with
observations by other investigators.
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Table . Main Equations used in Flow Profile Analysis (Coupled with Burning Rate
Analysis Through Temperature Dependence of Density and Viscosity).

1. Crg * f1 (Re, Dglk!

2. CiiCeg = 1 (B) B = (iinj/Merosstiow!/(Cs0/2)
3. rwall = (Cy/2) g U;"s

4 1y * rwall * Mg U-Kpomine ¥

5. ry = {u +pe) dU/dY

6 ¢ = [t3 (v, myj dPiex, k)] duiay
FOR ZERO ROUGHNESS AND NO DAMPING, FOR EXAMPLE
e = .168 Y2 (du/dY)

7. » = P(MW)/RT
8 u = k708
9. T = Ty + (Tg-TyY/Lgy + FHOO sin 9)

10. V = fi!ini/p

Table 1l. Application of Flow Profile Analysis Equations.

1 USE EQNS 14 TO OBTAIN r = g{u,y)

2 *INTEGRATE EQN 5, WiTH USE OF EQNS 4 AND 6-9, FROM THE WALL
{SURFACE) TO OBTAIN u, du/dy, ¢ AS FUNCTION OF y

L 2, KNOWING ely), COMBINE THIS WITH EQNS 7-9 TO OBTAIN (1 + pe/u)
- AS A FUNCTION OF y

‘ ; 4. USE THIS FUNCTION TO OBTAIN AVERAGE AUGMENTATION RATIOS
- FOR LAMINAR TRANSPORT PROPERTIES OVER VARIOUS REGIONS AND
E USE THESE TO ADJUST EFFECTIVE FLAME OFFSET DISTANCES

5. HAVING uly) AND v(y} INTEGRATE ALONG A STREAMLINE TO DETERMINE
g THE EFFECTIVE REDUCTION OF DIFFUSIONAL DISTANCE DUE TO FLAME
igx BENDING.

3 4
b & ;

§g 6. LOOP — FAIRLY COMPLEX FOR UNIMODAL AP CASES; EVEN MORE SO FOR
? MULTIMODAL AP CASES, WHERE INTERACTION BETWEEN THE MODES MUST
) i NOW BE CONSIDERED

*FOR LOW CROSS FLOW, HIGH BLOWING RATIO CASES, THE-Ky TERM IN EQNS ~
- CAUSES 7 TO GO NEGATIVE, A RESULT WE INTERPRET AS INDICATING BOUNDARY
) LAYER BLOWOFF — IF THIS OCCURS, WE USE A COSINE LAW VELOCITY PROFILE
FOR QUR ANALYSIS IN PLACE OF INTEGRATION OF EQN 5.
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Table Hil.  Propellant Matrix (AP/HTPB) Tested.
FOMETIO“ m RATIONALS
4528 T3/27 APMTPR, 20 MICRON AP SASELINE rmuum. FLAME
TEMPER,ATURE « t
2081 TI/2T APMMTPR, 200 MICRON AP COMPARE WITH 4828 £O|
AP 8128 SFFECT AND lAll BUANING
RATE IFFECT
L] T3/27 APIHTPR, S MICRON AP COMPARE WITH 4825 AND 85081
EOR AP SIZE EFEECT AND SASE
SURNING RATE EFFECT
0 7212012 APIHTPS/Feg03. COMPARE WITH 4528 FOR 8ASE
20 MICRON AP BURANING RAYTE EFFECT AT CONSTANT
AP 128
9542 77123 AP/HTPS, 20 MICRON AP COMPARE WITH 4828 FOR MIXTURE
AATIO AND FLAME TEMPERATURE EFFECT
AT CONSTANT AP SI2E. T=2088°K
.. . 5Soes  -73] ] AMNT’I. um 20 M!CION AP S1288 CHOBEN TO MATCH BASE
e ARSI nLANG .unnmaunonm COMPAR !
WITH 4626 FOR MIXTURE RATIO

FW! TEMPRRATURE EFFECT. T'WK

s 82/18 AP/HTPS, 41% 1 MICRON COMPANE WITH 5068 FOR EFFECT
AP, 41% 7 MICRON AP OF BASE BURNING RATE.
™3 £2/18 APTOR. 41% 7 MICRON )
AP, 41% 50 MICRON AP
08 82/18 AP/HTPE, 41% 20 MICRON
AP, 41% 200 MICRON AP \ Fumm STUDY OF AP Si28
AND SASE SURNING RATE SFFECTS
019 £2/18 AP/HTPS, 27.3% 1 MICRON
AP, 27.3% 20 MICRON AP,
27.4% 200 MICRON AP J
s 242178 APIHTPRIAL 70% SAME ELAME TEMPERATURE AND SASE
S0 MICAON AP, 4% 200 MICRON AP SBURNING RATE AS 5808. COMPAR
WITH $86% FOR Al §FRECT.
“es TIN7/10 APPATPRIAL 73% h
90 MICRON AP, S8.4%, 200
MICRON AP, 7.3%, 400 MICRON
ne? 20/18/% APINTPRI/AL 8.0% 90 STUDY OF ERFECTS OF VARIOUS
WICRON AP. $4.0%, J00MICRON | ALUMINUM LOADINGS ANO O/F
AP, 3.0% 400 M RATIOS ON EROSIVE BURNING
SEHAVIOR.
WCISM  70/12/18 AP/HTPR/AL 21.0% 20
MICRON AP. 30.0% $0 MICRON
AP, 10.0%, 200 MICRON

Effacts of Various Parameters on Sansitivity of Formulations to Crossflow.

CouPANEON PARAMETERS STUORD EFPECT ON ERCEIVE BURNS

4628, SO51, 4808 VANED ¢, 1, AT FOXED OMOER TYPE. RXED FLAME R JX A
TEERATIRE

4820, 448 VANED:, AT FIKED AP SUZE. SWOER TYPE. AN 34 -y
FLANE TEMPERATURE

4615450 VANED Y, AT RXED 1, BNOER TYPE. ANO FLAME Wt >Epsummy
TENPEAATURE

425,92 VANED O RATIO (NG TIUS FLAME TEMPERATURG) thesr bocy
AN r, AT RIE SMOCR TYPE ANS RXED AP SIE

snes, 4313 VAWED O/F RATI (NS THUS PLAME TEMPERATUNE) T4 Scucime
AT RXES SNOER TYPE AN AXED 1,

5345, 3083, 7933 YANED ¢, ¢, AT RKED SMBER TYPE. RXED FLAME Lesr toey

T8, 0010 TEMPERATURE

43, w2 AUUMEBIN VERSUS WON-ALUMIGR AT AXED £, £ (CHANED
SHOER TYPE. AND FLAME TENPERATINE

CONCLUBBRS FRO ASSYE COMPANGONS
THE AUSMENTATION FACTOR I3 STRONOLY OEPENOENT ON SASE SUMNG BATE.

s o P

THERE 13 A SMALL MEDIDUAL EFPECT OF OXWIZER PARTICLE SIZE. AT MXED SURMING RATE.
O/F (FLAME TENPERATURE) EFPECTS £ MR NTPS SYSTEIRS ONLY THROURN EFPECT ON BASE SUMIING RATE.
AT AXED SASE SURMING NATE, ALUMINUM WAS %0 EFFECT ON €.
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FLAME SHEET HEAT RELEASE

FLAME SHEET HEAT RELEASE

Y S
£H90, DISTRIBUTED ;
e T T—-——— o
FH90 /7 £1190 sin 0
OVER PROPELLANT L DISTRIBUTED HEAT
o A7) EREEE
FMHO0 sin § ‘ PROPELLANT
LRX l E / K] LRX
BINDER BINDER )

AP SURFACE \ SURFACE APSURFACE \ SURFACE

BINDER BINDER B8INDER AP BINDER

{s} NO CROSS FLOW CASE (b} CROSS FLOW CASE

Figure 1. Schematic of Burning Composite Propeilant Postulated Flame Structure, with and
v -‘thout Crossflow.

d
p dp
TOP VIEW TOP VIEW (LOOKING
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l
: dp dp sin 6
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FLOW AT ANGLE §

Figure 2. Modification of Diffusion Flame Shape by Crossflow.

BHA N ey DTN




m L o T T T T R T R
L - e PR
%
] -
] FOUR WINDOWS “ .
: —_—.Y — ————
BURNING OPTIONAL
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STATIC AND TOTAL PRASSURE MEASUREMENT
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AFPENDIX D

Technical Paper Summarizing
Atlantic Research Modeling
Efforts Ré Erosive Burning of
Double~Base Propellants

(To be presented at the AIAA/
SAE/ASME 17th Joint
Propulsion Conference, July, 1981)
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A MODEL FOR PREDICTION OF EFFECTS OF :
PRESSURE, CROSSFLOW VELOCITY, AND HEAT OF EXPLOSION i
ON DOUBLE-BASE PROPELLANT BURNING RATE ;

Merrill K. King
Atlantic Research Corporation
Alexandria, Virginia

ABSTRACT

A model permitting the prediction of mass burning rate of uncatalyzed
NG/NC double-base propellants as a function of crossflow velocity, pressure,
and formulation heat of explosion has been developed. Two crossflow model
variants, differing in assumptions regarding the penetration of crossflow-
induced turbulence into the fizz zone, were examined. In the first variant,

the fizz zone was treated as being sufficiently structured to prevent tur-

bulence penetration, with the only burning rate augmentation mechanism then
being the amplification of transport properties in the dark zone (suffici-
ent to cause the final flame to influence the inner zones) by crossflow-
induced turbulence. This model variant was found to result in serious
under prediction of crossflow effects. In the other variant, the fizz zomne
was treated as a gas in terms of its fluid dynamic behavior, with result-
ant turbulence amplification of transport properties in both the fizz and
dark zones. With this approach, reasonably good agreemenc between pre-
dicted and measured burning rates over a wide range of crossflow velocities
was obtained. Under zero-crossflow conditions, the models were found to
give good agreement with data for burning mass fluxes in excess of 0.5
gm/cm2 sec without introduction of a pressure-dependency for surface/sub-
surface condensed-phase heat release. Inclusion of pressure dependency
in this term permitted extension of the region of good agreement between

data and theory down to 0.3 gm/cm2 sec.

BACKGROUND

Over the past twenty years, numerous models for prediction of solid
propellant burning rate augmentation due to crossflow of combustion pro-~
duct gases across the propellant surface have been developed. Most of

those developed prior to 1977 are referenced and reviewed in Reference 1,
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while more recent models appear in References 2-11. These models may be
divided into several categories: (1) models based on heat transfer from

a "core" gas to the propellant surface by forced convection; (2) models

based on the alteration of transport properties between a gas-phase flame

zone and the propellant surface by crossflow-induced turbulence; (3) models

C BB e i e ey,

based on chemically reacting boundary layer theory; and, (4) models based
on alteration of flame geometry by crossflow. Some of these models have
been developed specifically for homogeneous propellants and others for

heterogeneous propellants, while in some of the heat transfer models, the

R R e T W BE

propellant type is not even considered. For the most part, these models

emphasize the fluid dynamic aspects of the problem with little attention

o gt

being paid to the combustion wave structure, a major shortcoming in this

author's opinion. Recently, however, several models of composite propel-

(2-4) (5) !

lant erosive burning (notably those of King , Renie, et al , and

P8 B0 00, 200

Legelle(lz)) with emphasis on the flame structure have been developed. §

Rk A TR

It does not appear to this writer that any of the existing homogeneous
(double-base) propellant erosive burning models adequately treat the observed
mechanistic details of double-base propellant combustion, notably the
existence of multiple heat release regions separated by zones in which
little reaction takes place. Instead, the existing models of double-base
propellant erosive burning either simply treat forced convective heat
transfer from the mainstream core flow to the propellant surface or, at
3 best, analyze heat feedback from a single flame zone whose location is
defined by analysis of one simple global reaction. In the current effort,
the effects of crossflow on a multiple~flame double~base propellant com-

bustion wave as described by Rice and Ginnell(l3), among others, are

-
3
- .

examined.

The proposed double~base propellant flame structure is depicted in

Figure 1. As indicated, there are three major reaction zones, separated

by regions in which negligible reaction occurs, sometimes referred to as

induction zones. Deep below the surface, the propellant is simply preheated

Sy

from its conditioning temperature until it reaches a temperature, near the

“’:.51‘;&‘.
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surface, at which reaction to preliminary gaseous or gas/liquid spray products
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takes place. These fragments are further heated by the thermal wave until
a second set of reactions producing NO and simple organic molecules (notably

a8t 2 e o witledigy

Lol

formaldehyde) occurs in a second reaction zone (which may be quite thin or
may occupy a large fraction of the fizz zone, depending on the temperature

sensitivity of the reaction rates). Finally, there is a long induction

1o

zone, generally referred to as the "dark zone" terminated by a final lumi-

3 nous flame zone in which the intermediates are converted to equilibrium
A oroducts. It is generally claimed that this last reaction zone is quite

thin, allowing it to be reasonably approximated as a flame sheet.

BRI RS oot ¢ et

=
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As indicated in Figure 1, the second derivative of temperature is
positive in the non-reactive regions and negative in the reaction zones. In
the absence of crossflow, it may be easily shown that the long distance

separating the final flame zone from the fizz zone, combined with the rela-

BRI S R B

tively low gas molecular conductivity results in negligible heat feedback S
from the final flame zone to the inner zones, thus causing the temperature- ﬁ
distance derivative to be essentially zero at the inner edge of the dark ;
zone, with resultant decoupling of the final flame zone processes from the 3
burn~rate~controlling fizz zone and subsurface zone reaction processes.

However, in the presence of strong crossflow, induced turbulence can cause

the average effective turbulent thermal conductivity across the dark zone

to be raised one to two orders of magnitude above the molecular thermal

condv, 7+~ ty. Preliminary calculations performed using empirical expressions

for +-- dirk zone width based on the work of Aoki and Kubota(14) indicate
that ¢~ an increase results in the final flame region contributing apprec~
iable heat flux back to the f£izz zone, thus raising its temperature markedly.
This, in turn, accelerates the reactions in this zone causing greatly

increased heat feedback to the propellant surface with a resultant increase
in burning rate.

A second potential mechanism by which crossflow can accelerate the
burning rate of homogeneous double-~base propellants involves possible pene-
tration of crossflow-induced turbulence into the fizz zone with resultant
increase in heat feedback from the fizz zone reaction region to the pro-

= pellant surface. However, due to the observed gas/liquid froth structure of

this zone, it is not totally clear how effectively crossflouw-incuced turbulence
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will penetrate through this zone toward tte propellant surface. Accordingly,
two limiting-case anilyses have been developed and are presented below:

(1) no turbulence penetration into the fizz zone, with the outer edge of the
fizz zone being considered to be an effective suriace 1s regards the flow field
analysis; and, (2) treatment of the fizz zone as a pure gas, with the flow

field analysis beginning at the actual propellant surface.

MODEL LEVELOPMENT

The model development was carried out in two phaseg. First, sev-ral
fairly closely related models were developed for the combustion of homogeneous !
double-base propellants in the absence of crossflow. These models were %
tested against a data base developed by Miller, et al(lsz and one was selected A
for extension to treatment of crossflow effects. As mentioned above, two
separate erosive burning models, representing limiting cases as regards pene-

tration of crogsflow~induced turbulence into the fizz zone, were then developed.

As indicated earlier, in the pressure range of practical interest, the

final flame zone is sufficiently far from the propellant surface that under

no~crossflow conditions it does not affect the propellant burning rate, with

heat feedback from it to the fizz zone being negligible and the temperature

[ECY N

gradient at the inner edge of dark zone being zero.

In the first variant of the no-crossflow model, the fizz reaction zone
is assumed to be infinitesimally thin (flame sheet) with its distance from
the surface being calculated as the product of the velocity of gas flow from
the surface and a characteristic reaction time. Based on the work of
Beckstead(l6), it is assumed that the burning mass flux and surface temperature

are related by:

-Eg/RTg )

mh=Ae
s

5000 gm/ cn® sec

10000 calories/gm-mol

A
5
E
s
Since there is no heat release between the surface and the fizz zone flame
sheet (located at X = LFZ)’ then between X = 0 and X = LFZ:
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At X = L_,, with application of an energy balance and use of the fact that

FZ
the temparature gradient is zero at the inner edge of the dark zone:
dT .
A X = ans (4)

X =1lp,

is the dark zone temperature and Q as is the heat relcase per unit

where TDZ
Application of an overall energy balance

mass in the fizz zone flame sheet.
(with zero feedback from the final flame) yields:

(Tpy= Tg) + Cpg (T5=Tp) - Q (5)

. AL

ans = CPFZ

LA g S S, et

where TO is the propellant conditioning temperature and QL is the net surface/

subsurface heat release per unit mass of propellant. Integration of Eqn. 2,

application of the boundary conditions given by Eqas. 3 and 4, and substitution

c Q .
Ts = Tpg = | (Tpz~ Tg) + Egg (Tg = Ty = EL" (i‘e wCprz Lrz/2) (6)
PFZ PFZ

are needed for closure of the

of Eqn. 5 yields:

At this point, expressions for TDZ’ QL’ and LFZ
problem.
Aoki and Knbota(la) have recently published results of experimental deter~

mination of dark zone temperature as a function of pressure and formulation
their data may be fit reasonably well by:

et "
: Mm‘mm;:&%ﬁ@%&%&.ﬁﬁm@m@mﬂgﬁwm.‘w;wi‘:7«-

heat of explosion (HEX):

TDZ =a+<+b HEX N

b = 0.425
a =720 + 125 1n(P), P £ 20 atm
a =855+ 80 1In(P), P > 20 atm

Two expressions for QL were examined in the course of this study. The

first of these, taken from the work of Beckstead(l6), relates QL to HEX alone:

Q = 65.7 + 0.013 Hy (8a)

HEX’ QL in calories/gram

As will be discussed later, this expression yielded excellent agreement between

burning rate predictions and data at high pressures but led to a pressure exponent
of zero at low pressures, in conflict with the data, due to lack of pressure
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dependency of QL‘ (At sufficiently low pressures, less than approximately
10+20 atmospheres, depending on the value of HEX’ the burning becomes driven
by the surface/subsurface heat release, with gas-phase feedback from the

fizz zone going to zero.) Accordingly a modified expression, allowing for
dependence of QL on pressure, was utilized to provide better agreement between
low pressure burning rate data and predictions:

Q = (65.7 + 0.013 H,) (P/6)°‘08 (8b)

P in atmospheres

(Interestingly enough, subsequent to development of this model, the
author found a report by Kubota, Ohlemiller, Caveny, and Summerfield(zo)in
which thermocouple measurements of temperature profiles in burning double-base
propellants were used in combination with surface heat balances for estimation
of surface heat release as a function of burning rate. Combining their data
for uncatalyzed formulations with burning rate versus pressure data for the
same formulations (Figs. 10, 19, and 52 of Ref. 20) yields a plot of QL versus
pressure which indicates that QL is approximately proportional to pressure
to the 0.10 power over a range of 1 to 100 atmospheres, quite close to the
pressure dependency expressed in Eqn. 8b.)

Finally, the distance from the propellant surface to the fizz zone flame
sheet (LF7) was calculated as the product of the average gas velocity across
the fizz zone and a characteristic reaction time, given by the following

equations:

m R ('I'DZ + TS)

V= 7B ) 9
Epz/RT
. _ Kpzrx © bz (10)
FZRX T P(\)—l)
DZ

Based on the work of Aoki and Kubota(IA)and Beckstead(l6), E,. Was set equal

FZ
to 40000 and the reaction order, v, was chosen to be unity., With these sub-

stitutions, Eqns. 9 and 10 may be combined to yield:

. 40000/RT
L. m R KFZRX (TDZ + TS) e DZ (D
FZ 2 P(MW) TDZ
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where Kpooy 1s the fizz zone global reaction rate pre-exponential, which is E
determined by fitting one data point out of the Miller(ls) burning rate data é
base for NC(12.6% N)/NG/Secondary Plasticizer double-base formulations. (Since §
burning rate is observed to depend on the degree of nitration of nitrocellu- i
lose, this constant would probably change for formulations containing NC ;
with different levels of nitration, such as JPN with its 13.5% N nitrocellulose.) }
Substitution of Eqns. 7 and 8 into Eqns 6 and 11 reduces the problem to §
three equations (1, 6 and 11) three unknowns ( m, LFZ’ and Ts) which are simply %
solved (though care must be taken in low pressure cases where the gas-phase %
4 heat feedback becomes negligible), to give burning rate as a function of pres- g
3 b
b sure and formulation heat of explosion. &
i g
In a second approach to the analysis of no-crossflow double base propel- %
% lant combustion, it was assumed that the volumetric heat release is dis- %
? tributed uniformly across the entire fizz zone. In this case, Eqn. 2 is §
: replaced by: %
2
i 2 &
d™ T . dT | z
: A=—= ~mC,, = +Q=0 (12) §
) dxz PFZ dX %
where: f
E . B} _ry - ;
. L, [CPFZ (Tpz~ Tg) + Cpg(Tg= Tp) QL:] (13
> and the boundary condition given by Eqn. 4 is replaced by:
dr .
X =y (14)
- iy
Integration of Eqn. 12 followed by application of the boundary conditions given
= by Eqns. 3 and 14 yields:
X
- Q c Q .
= T o ey [T W ey O e (e ) a9
e PS PS FZ PFZ PFZ
'éﬁ
o as a replacement for Equation 6. The remainder of the analysis is identical
E: with that of the first model variant.
3
;fi The third model variant examined employed the Zeldovich approach to flame~
2 { speed calculations, with division of the fizz zone into a conductive~convective
#
.":
i
k-5
i
b
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: i P T et T S PRI T




& 4

| ORISR W W R IR R e T R

region with no reaction and a conductive-reactive region in which convection
is neglected. Details of this type of analysis are presented in a text by

Glassman(17)

and will not be repeated here. For a first order gas-phase
reaction, this analysis results in the following relationship between burning
mass flux, dark zone temperature, surface temperature, and surface/subzurface

heat release:

~40000/R Tpzyp '

T (16)

2
_ \ 2 Koppz X Tpy (e
) -Q
s{Ts™ Tg) = Q

f =
Copz(Tpz~ Tg) + Cp

which may be combined with Eqns. 1, 7, and 8 for calculation of burning rate
as a function of pressure and formulation heat of explosion. (It should be
noted that Eqn. 16 becomes invalid if the surface temperature drops below a
value given by CPS (TS-TO) = QL: in this case, condensed-phas« heat release
controls and the burning rate is found by setting TS = QL/CPS + To and sub-
stituting this value of TS into Eqn. 1.)

Finally, a fourth no-crossflow model vaciant using an eigen~value problem
approach as described below was developed. In this approach, the fizz zone
reactions were assumed to be represented by a single global first order
Arrenhius kinetics reaction. As before, Eqn. 1 was employed to relate the
mass burning flux to surface temperature, and Eqns. 5, 7, and 8 were used for

calculation of TDZ’ QL’ and finally Q as a function of surface temperature.

gas
Energy and species mass balances within the fizz zone yield:

d2

dX

d dyR

R )
Do o -h—g -Wp =0 (18)

3

. dT .

A “BChpo g t4=0 an

|

NN

where:

L]

YR Mass Fraction of Reactant R
YR

Volumetric Rate of Depletion of Reactant R

q = volumetric heat release rate

(18)

I}

The Shvab-Zeldovich
between yR(X) and T(X):

approach was then used to develop a relationship
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- R ans

where YRinit is the mass fraction of material leaving the surface which is

reactant R. With the assumption of first order kinetics, the volumetric heat

2 release rate may be expressed as:

G=8, 0, e Eg/RT yg/T (20)

4 Combining Eqns. 17, 19, and 20, using E_ = 40000 cal/mole (again based on the

work of Aoki and Kubota(lé) and Beckstead(lé)), and lumping the product of

A and y ., into one constant to be evaluated by fitting one data point,
g R, init

;1-2 one obtains:

. 9 A'pe e--l:.OOOO/RT(T -7
A LI g 4,8 PR D2__-p (21)
dxz PFZ dX T

IR )
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with boundary conditioms:

')
g ) £ HANN

X=0

TDZ at X > = (23)

For a given pressure and formulation heat of explosiou, the fcllowing pro-

>

’ [CPFZ (Tg~ T - QL] = 2 %{i (22)
T =

)

cedure is used to calculate a predicted burning mass flux. First, a value

s,
ity b o i o s i b Aaenmh 2t s artr s

of surface temperature is guessed and Eqns. 5, 7, 8, and 22 are used to cal-

culate m, ans’ TDZ’ QL’ and dT/dX at X = 0. Equation 21 is then integrated,

using the X = O values of T and dT/DX, by a Runge-Kutta procedure out toward
X=o, If T climbs above TDZ’ the calculation is terminated and a lower value

20 amn

R e e o i hmamnhs < o

of surface temperature guessed, while if the temperature derivative turns

oo na

. negativz before TDZ is reached, the calculation is terminated and a higher
} L value of surface :temperature is guessed, this procedure being repeated until
the surface temperature is bracketed within 0.5%(corresponding to an error

band of approximately one percent on burning rate).

As will be discussed in the next section, all four zero-crossflow model
variaucs have been found to give comparable predictions of the Miller(ls) data
base for burning rate as a function of pressure and heat of explosion. Accord-
ingly, the first variant (with pressure-dependent QL) was selected on the basis
of its relative simplicity for extension to the case of nonzero crossflow.

As mentioned earlier, two crossflow models have been developed: in the first,

-
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the fizz zone is assumed to be structurally rigid, with no penetration of

turbulence into it; while in the second, the fizz zone has been treated as

P AN URIEY o AR

a gas in terms of its fluid dynamic behavior.
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A sketch of the postulated flame structure for the first (rigid fizz zone)

-

model is presented as Figure 2. For convenience in applying a boundary layer

v

analysis computer code previously developed for modeling of composite propel-

(2-4)

origin (X=0) is at the interface of the dark zone and the fizz zone since

lent erosive burning , the coordinate system is chosen such that the %
in this model this interface is the "surface” of the propellant as regards
the flow analysis. As may be seen, there are three distinct infinitesimally
thin (flame sheet) heat release zones separated by regions of negligible
heat release. As in the zero-crossflow case, mass burning flux is related
to the surface (X = —LFZ) temperature through Eqn. 1. In addition, it may

be shown that the heat release at the fizz zone flame sheet is given by:
Qgas = Cprz (8*0 Hgy = Tg) + Cpg (Tg= Tg) - Q (24)
with QL given by Eqn. 8b. Integration of the Fourier equation with no heat

release between X = —LFz and X = 0, followed by application of boundary con-
ditions at X = O:

= Ty, pp AT X =0 (25)

. dT
=m Q + A 5z (26)
=0 gas dX =o+

leads to:
Q .
T = T, z_[_sﬁ+._"__ % N 1 - &2 Cprz Lyz/A) (27
S EEDZ | Cppp B Gy igeo
(It should be noted that TFZ—DZ is not the same as TDZ used previously in the

no-crossflow analysis, due to heat feedback from the final flame causing an

increase in this temperature.) LFz is calculated using the same equation

form as Eqn. 11, with T

replacing Tygt

FZ-D2

: 40000/RTgzp,
_ PR Bogry Tpzpz v Tg) @ (28)
Lrz 2P (W) T,
(14)

Data presented bv Aoki and Kubota regarding dark zone dimensions were

used to develop the following expression for the dark zone thickness:
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252 m
A = > (29)
LFF P2'l (mno crqssflow)

where pressure is in atmospheres and ALFF in centimeters. An overall energy
balance is usel to develop an expression for the final flame heat release:

c (T

Qe = Cppz a - b Hpy) (30)

£ EX
where the flame temperature, Tf, is calculated from thermodynamic equilibiium

Fz-pz 209
(dT/dX) x=0t are required. Due to turbulence in the dark zone induced by

considerations. For closure of the problem, expressions for T

crossflow, the effective (turbulent plus molecular) thermal conductivity
varies strongly across this zone. Accordingly, the transport of energy
across this zone is best calculated by breaking the zone up into many segments, -
over each of which effective thermal conductivity is nearly counstant, solv- :
ing the Fourier equation for each segment and applying boundary condition :

matching conditions at each segment interface. This procedure results in: E

Q NeNTOT _. . e

Ty oz = Torame - CFF L- 1 o Cppy [XA-R@-1)]/2. (M) (31)
¢ "oz N=1

i Q N=NTOT _,

% . (gzl) [ T o Cppz [XN) - X(-1)] /Ae (W) (32) :
x=0t ¢ N=1 ;

(N=1at X =0, N=NTOTatX=ALFF)

where the values of effective thermal conductivity, kt, are calculated as a

function of position using a turbulent boundary layer analysis procedure des-
cribed in Ref. 2 - 4, and briefly outlined in Appendix A.

A N S LT NI R S TUIS

The following procedure is used to solve the above equations for burning
mass flux at a given pressure, crossflow velocity, and formulation heat of
explosion. First, the no-crossflow analysis is used to calculate the base
burning mass flux for the given pressure and heat of explosion values. A
FF* Eqn. 30
is then used to calculate QFF and the flow profile analysis together with
Eqns. 31 and 32 are used to evaluate TFZDZ and (dT/dX) x=0t Eqn. 1 is
next solved for TS’ and 24 for ans’ after which Eqns. 27 and 28 are solved

value of m is then guessed and Eqn. 29 is used to calculate AL

=
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simultaneously for LFZ and m. The calculated @ is then checked against the
previous value, a new value is guessed, and the procedure is repeated to

convergence.

A sketch of the postulated flame structure defining the coordinate system
for the second (gaseous fizz zone) erosive burning model is presented as
Figure 3. Here, because the boundary layer analysis must begin at the pro-
pellant surface, the coordinate system is redefined so that the origin is at
the actual propellant surface. The equation development for the model is
essentially the same as for the rigid fizz zone model, except that in this
case allowance must also be made for variation in effective thermal conducti-
vity across the fizz zone as well as across the dark zone. This change results

in replacement of Eqn. 27 by:

A =
Ter. - |Seas, lt.Xelpp a1 Lo O miiCop, (ROD-XM-1] AcGD) (a9
S FZ-D2Z CPFZ 3 CPFZ dx Y=L; M=1

(M=1 at X=0, M=MIOT at X=LFZ)

and Eqns. 31 and 32 by:

Q NTOT .
Toppz = Tetame- o |1~ 1 o Pz X-XO-DT A0 (34)
PDZ N=1
daT_ . 2% N'fTOT iy, (XD - X(~1)1/A, (W)}
T3 N X (N=1) |,
-LFZ t N=1
(N=1 at X=LFZ’ N=NTOT at XFLFZ + ALFF).

The equation solution procedure is basically unchanged.

RESULTS AND DISCUSSION
(15)

As mentioned earlier, Miller has generated a systematic data base
for burning rate of Nitrocellulose (12.6 N)/Nitroglycerine/Secondary Plasti-

cizer double-base formulations as a function of pressure and heat of explo-

sion, without crossflow. Each of the no-crossflow model variants described

in the previous section has been used to predict the dependence of burn rate

on pressure and HEX for these formulations, with one point of the data base
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being used to fix the one unknown constant, the fizz zone reaction rate pre-
exponential, in each variant. For the flame sheet, uniformly distributed heat
release, and Zeldovich approach variants, the base point used was at © = 35
atmospheres, HEX = 950 calories/gram, while for the eigen-value approach, it
was at P = 49 atmospheres, HEX = 950 calories/gram. Predicted and measured
burning mass fluxes are presanted in Figures 4 - 8. 1In the first three of

these figures, the surface/subsurface heat release parameter was assumed to
be pressure~independent, while in the latter two figures it was allowed to
depend on pressure in accordance with Eqn. 8b. As may be seen from Figures .
4 - 6., three of the model variants, with pressure independent surface heat re- '
lease, give reasonably good predictions of data for the higher pressure end
of the data bank, but deviate somewhat at low pressure. The pressure at which
the deviation occurs appears to increase with decreasing propellant heat of
explosion. On the whole, the flame sheet and eigenvalue variants appear to

do better than the Zeldovich - type model, while the uniform heat release

eh L) yetd sl s ' N 2l
i P ISR I YA A S RARAAAVANI L2 S N T35k S A AN T A b s B

approach (results not presented) does slightly worse. The explanation for

the relatively poor agreement between theorv and data at low pressure lies

A, e ——r—— ———— A R PN, VR M sone S =
P AR G oy Yaad g bt ‘o

in the fact that at these lower pressures the burning begins to be driven
totally by the surface/subsurface heat release, the offset distance of the
fizz zone flame being so large as to provide negligible heat feedback to the

surface. Since the surface/subsurface heat release was assumed to be pressure~

indepeadent this of leads to a predicted burning rate pressure exponent E
of zero in these low - sure regions, at variance with experimental obser- %
vations.

Accordingly, revised versions of the fiame sheet and eigen-value model
variants, with allowauce for pressure-dependent surface heat release (in
accordance with Eqn. 8b) were developed and tested against the Miller data
base. Results of these calculations are presented in Figures 7 and 8. As

may be seen, agreement between predicted and experimental burning rates is

excellent with either model.

In Figure 9, predictions made with the flame sheet model, with allowance
for pressure-dependent surface/subsurface heat release in accordance with
Eqn. 8b are compared against data obtained by Aoki and Kubota for two propel-
lants with much higher NC/NG ratios than those tested by Miller. No constants




ESEWEPL WL S

e p it snd (e s e memesn he ke e s sk maeataes b s e soniteen s S

e

[ .

. i
%,

oy o

Zits TR ves e —
N 0 D28 A e Ly s N LAy

were adjusted in making these predictions. As may be seen, at the higher pres-
ures the agreement between data and predictions is excellent. However, at

the low end of the pressure range examined, particularly for the lower energy
formulation, theory and data diverge somewhat, with the model predicting higher
burning rates than observed. The break between data and theory occurs at a
burning mass flux of about 0.3 gm/cm2 sec for each formulation. Examination
of intermediate output from the model indicates that it is in this region that
the condenced phase processes begin to control the burning rate, the gas phase
flame moving so far away from the surface as to have no effect on burning rate
at lower pressures. Thus, it appears that for improvement of the no-crossflow

model in the low pressure regime, effort will have to be concentrated on

better modeling of the condensed phase processes.

The two erosive burning models developed (one assuming essentially a
rigid fizz zone structure with no turbulent transport property augmentation
in this region, the other assuming that the £izz zone acts like a gas in terms
of penetration of turbulence) have been tested against data obtained for two
NG/NC propellants by Burick and Osborn(lg). These formulations, designated
as BUU and BDI have heats of explosion of approximately 1050 cal/gm and 920
cal/gm, respectiv;aly. Predicted and observed burning mass fluxes are presented
in Figures 10 ~ 13. As may be seen from Figure 10, the no-crossflow predict-
ions of burning rate versus pressure for BUU are excellent. In additionm,
the erosive burning predictions made assuming full turbulence penetration
through the fizz zone are quite good, while the rigid structure fizz zone
model results in drastic underprediction of the effects of crossflow. This
is more clearly shown in Fig. 11, where the burning mass flux (predicted
and observed) is plotted against crossflow velocity at constant pressure.
As may be seen, the effects of crossflow predicted assuming turbulent boundary
layer development starting at the interface of the unburned propellant and
the fizz zone agree quite well with data, while the alternative assumption
regerding turbulence penetration into the fizz zone fails badly. Similar

resalts for the BDI formulation appear in Figures 12 and 13.
SUMMARY

Several variants of a model for prediction of burning rate of uncatalyzed

homogeneous double-base propellants as a function of pressure and heat of
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explosion, in the absence of crossflow, have been developed and shown to give
reasonable agreemenc with dsta, particularly for burn rates in excess of 4 ¢
approximately 0.5 gm/c.m2 sec. Allowance for pressure dependence of exo-~ :_
thermic surface/subsurface reactions extends the region of good agreement % f
between data and theory down to mass burning fluxes of approximately 0.3 L
gm/cm2 sec (0.2 cm/sec). One of the model variants developed, a flame-sheet ? %
model, has been extended to allow for the effects of crossflow. Two variants %
of a crossflow model have been developed. In one of these, it is assumed :
that crossflow~induced turbulence does not penetrate the fizz zone and that E
the only mechanism leading to increased burning in the presence of cross- ;
flow is turbulence augmentation of transport properties in the
dark zone resulting in significant heat feedback from the final flame, which
does not come into play in the absence of crossflow. In the other variant,
it is assumed that the f£izz zone acts like a gas in terms of its fluid
dynamic behavior, with crossflow-induced turbulence not only bringing the .
final flame into play but also increasing the effective transport properties %
across the fizz zone. The latter variant is found to result in good agreement %
= between predictions and data, while the former variant results in marked underpre-
diction of the effects of crossflow on double-base propellant burning rate.
., NOMENCLATURE
Ag Pre-exponential in Arrenhius expression relating mass burning flux
tq,surface temperature
b v Blowing Parameter, defined by Eqn. A2
Cf Sk;g friction coefficient, with blowing
:z Ceo Non-blowing skin friction coefficient . - -
Téi | CPDZ Heat capacity in dark zone
T CPFZ Heat capacity in fizz zone
., CPS Condensed-phase propellant heat capacity
f 3 EFZ Fizz zone reaction activation energy
ASE ¥ ES Surface reaction activation energy
h Flow channel half-height
HEx Propellant heat of explosion
KFZRX Fizz zone reaction constant, defined by Eqn. 10
LFz Fizz zone thickness
M Crossflow Mach Number
Ma° Mcolecular Weight of propellant ablation products
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<
%<5 .
o Propellant burning mass flux %
P Pressure i
QFF Heat release per unit mass in final flame
ans Heat release per unit mass in fizz zone flame
QL Net surface/subsurface heat release per unit mass
R Gas law constant
T Temperature
To Propellant conditioning temperature :
Tflame Propellant adiabatic flame temperature é
TS Propellant surface temperature ;
TDZ Dark zone temperature in absence of final flame influence ;
TFZ-DZ Temperature at Fizz Zone-Dark Zone Interface
u Crossflow velocity é
Ufs Free stream crossflow velocity é
X Distance coordinate normal to propellant surface (Fig. 2 and 3) é
ALFF Dark zone thickness g
€ Eddy viscosity §
A,AL Molecular thermal conductivity of ablation products §
- 4?
At Tctal (molecular plus turbulent) thermal conductivity §
3 " Molecular viscosity ;
3 P Gas density §
o T Local shear stress §
3 TEZRX Fizz zone reaction time K
E Twall Wall shear stress §
ih_ v Reaction order for Fizz zone reaction f
3 REFERENCES
::‘ 1. King, M.K., "A Model of Erosive Burning of Composite Propellants", §
T J. Spacecraft and Rockets, 15, 3, pp 139-146 (1978) 3
$ 3
E&« 2. King, M.K., "A Model of the Effects of Pressure and Crossflow Velocity ?
Eg{ on Composite Propellant Burning Rate," AIAA Paper 79-1171, AIAA/SAE/ASME ;
?ii 15th Joint Propulsion Conference, June, 1979. i
Qﬁ. 3. King, M.K., "Experimental and Theoretical Study of the Effects of ;
3 Pressure and Crossflow Velocity on Composite Propellant Burning Rate," p
§ 18tn Symposium (International) on Combustion, Waterloo, Canada, 1980. 1
-~ To be printed in Meeting Proceedings. ¢
3
A -
&
ﬁ'\'::‘ "
CHE
I
e BT = S = e iSs

TS T TY v ey ~ e ey
~*&IM'& = e o . i N N S R T N )




e S e e e e e A

G

King, M.K., "Predicted and Measured Effects of Pressure and Crossflow
Velocity on Composite Propellant Burning Rate," 17th JANNAF Combustion
Meeting, Langley, VA, 1980. To be included in CPIA Publication of
Meeting Proceedings.

Renie, J.P., Condon, J.A., and Osborn, J.R., "Oxidizer Size Distri-
bution Effects on Propellant Combustion," AIAA Paper 78-981, AIAA/SAE
l4th Joint Propulsion Conference, July, 1978.

Parkinson, R.C., "Erosive Burning as a Bouadary Layer Phenomenon in
Rocket Motors," AIAA Paper 80-1208, AIAA/SAE/ASME 16th Joint Propulsion
Conference, 1980.

o At Db A S M R SR A

Lk,

Mukunda, H.S., "A Comprehensive Theory of Erosive Burning in Solid Rocket
Propellants," Comb. Sci. and Technology, 18, pp 105~18 (1978).

Ben Reuven, M., and Caveny, L.H., "Erosive Burning Theory for Propellants
With Extended Flame Zones," AIAA Paper 80-~0142, ATAA 18th Aerospace
Sciences Meeting, 1980.

gl S i et oy e 5N AN # 0, %

Razdan, M.K., and Kuo, K.K., "Erosive Burning Study of Composite Solid
Propellants by Turbulent Boundary Layer Approach," AIAA J, 17, pp 1225~
1233 (1979)

Beddini, R.A., "A Reacting Turbulent Boundary Layer Approach to Solid
Propellant Erosive Burning," AIAA J, 16, pp 898-905 (1978).

Beddini, R.A., "Aerothermochemical Analysis of Erosive Burning in a
Laboratory Solid-Rocket Motor," AIAA J, 18, pp 1346-1353 (1980).

Lengelle, G., "Model Describing the Erosive Combustion and Velocity
Response of Composite Propellants," AIAA J, 13, pp 315-322 (1975).

Rice, 0.K., and Ginnell, R., "Theory of Burning of Double-Base Rocket
Powders," J. Phys Chem., 54, pp 885-917, (1950).

Aoki, I., and Kubota, N., "Combustion Wave Structures of High and Low
Energy Double-Base Propellants," AIAA Paper 80-1165, AIAA/SAE/ASME
16th Joint Propulsion Conference, July, 1980.

Miller, R.R. and Foster, R.L., Personal Communication, Hercules/ABL,
August 1978. Data generated under Contract F04611-78-C-0005.

Beckstead, M.W., "A Model For Double Base Propellant Combustion," AIAA
Paper 80-1164, AIAA/SAE/ASME 16th Joint Propulsion Conference, July, 1980.

Glassman, I., Combustion, Academic Press, NY, 1977.

Williams, F.A., Combustion Theory, Addison~Wesley Publ. Co., Reading,

- Lre P PN Iy X = ]

YRS YT, o T
M R T R U M A R



FREET B Ml

19. Burick, R.J., and Osborn, J.R., "Erosive Combustion of Double~Base
Solid Rocket Propellants," 4th ICRPG Combustion Conference, CPIA Publi-
cation 162, Vol. II, pp. 57-69, December, 1967.

A A
Yo
T T Y

20. Kubota, N., Ohlemiller, T.J., Caveny, L., and Summerfield, M., "The
Mechanism of Super-Rate Burning of Catalyzed Double Base Propellants,"
Princeton Univ. Aerospace and Mechanical Sciences Report No. 1087,
March, 1973. 3

H
i
{
{
i
!

SPEY e

T T SR RRA X PR N AR = A BN PR S

§ 2 "Qﬁl '» -

TR s




APPENDIX A

BOUNDARY LAYER ANALYSIS FOR DETERMINATION
: OF EFFECTIVE THERMAL CONDUCTIVITY DISTRIBUTION

Details of the boundary layer analysis employod to determine distribution
of total (molecular plus turbulent) thermal conductivity through the zones
of interest are described in detail in Ref. 2-4: a brief outline and sum-

mary is presented below.

First the non~blowing skin friction coefficient is calculated as a

function of crossflow Reynolds number from a smooth-wall equation:

¥
G
s
4

C. = .00140 + .125 Re 032 (A1)

fo

(Options for treatment of a rough surface are also included in the analysis

5 : but were not invoked in this study.) The estimated mass burning flux
5 (or value obtained in the previous calculation loop) is then used to generate

ct the value of the blowing parameter, b: R

b= —2l _ (A2)

) (o UFS)Crossflow Cfo

which is then used in calculation of the actual skin friction coefficient
in the presence of blowing. Several optional equations for this parameter

are included in the program: the one employed in the calculations presented

e 3 TN A0S
Nrerd Iyt BB & Amamrite b

herein (selected on the basis of success with prediction of composite propel-

ST

; lant erosive burning) is:

2 0.4
- _ b b
c _cfo[l-—] [1+—— (A3)

e b

f 10 10

This value was then used to calculate a shear stress at the surface via: 3

~ 2

Twall

3
Application of a momentum integral analysis for a two-dimensional channel %

yields the following expression for local shear stress as a function of dis-

. ) n e .
» A g pid, DMl .
R LT, 50
.
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tance from the propellant surface and the local crossflow velocity:

] 4.‘

.7

4

'Ry

om VRN
o
SR Syt

TR 3 e A ST 5 A i

AT e
P g
P

’,

Mo X

MNP P R Ok v
A B R A N S AT X YL L S R T



«] . ' AR - R AL

P

T T +m u- Kx (AS)
- 2
K=0.9mtU [2 +1U'——1)—2M—)]/h (46)
1-M /

5

é i In addition, the local shear stress is related to the local crossflow vel-
s ocity g-adient by: %
z
’ v = (u + pe) du/dx an
A Prandtl mixing length expression for eddy viscosity:
Ee o 2 2
e = ,168 y (DF)" du/dx (A8)

4 ) and equations of state relating p and p to temperature were employed along
é with the approximation of a linear temperature gradient across the zone of
§ interest to close the analysis. (In the calculations presented in this paper,
% the dumping factor was set equal to unity)

= With these relationships, Equations A5 ~ A8 may be combined and integrated

from the wall (with u = 0 at X = 0 as a starting boundary condition) to yield

- among other things, the variation of eddy viscosity (eg) with X. The total

:. (molecular plus turbulent) thermal conductivity may then be calculated as
i a function of X from

At €
—— = 1+ 252 - f(x) (A9)
A u
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Erosive Burning Study of Composite Solid Propellants
by Turbulent Boundary-Layer Approach

M. K. Razdan* and K. K. Kuot
The Pennsylvania State University, University Park, Pa.

Erosive burning of composite solid propellants is inves igated by analyzing & steady, two-dimensional,
chemically reacting, turbulent boundary layer over a propellant surface. Predicted erosive burning rates agree
closely with experimental data. The erosive burning rate augmentation is found to be caused by the increase in
heat feedback introduced by the increase in transport coefficients, and the turbulence enhanced mixing and
reaction of the oxidizer and fuel gases. The increase in freestream gas velocity brings the location of the peak
turbulence intensity and the heat release zone closer to the propeliant surface, thereby increasing the burning rate
of a propellant.

Nomenclature 4 = Von Karman’s constaut
K =y,4//2, turbulent kinetic energy,
a =reaction time parameter in Sum- m?/s?
merfield’s burning rate law, psia/in./s n =order of chemical reaction
4, = Arrhenius frequency factor in gaseous P =pressure, N/m?
reactions, (m?)"~/s -1 (kmole)/-" Pr =C,u/\, Prandtl number based upon
A =Arrhenius frequency factor in the molecular properties of the fluid
propellant surface decomposition, Pr, =Prandt! nvmber for turbulent flow
m/s . defined in Eq. (8)
A+ =damping constant in van Driest’s o, =25, (v Wi Ahp &)/ (ve W), tate of
hypothesis heat generation in gas phase,
=diffusion time parameter in Sum- kcal/m?-s
merfield s burning rate law, Qs =heat of reaction defined in Eq. (22),
psiat’3/in./s kcal/kg
¢,~C,C,,C,,C, =constantsin turbulence models Ty =total burning rate of a solid
C, =Z,Y,C,,, average heat capacity of the propellant, m/s
reacting gases, kcal/kg-K Iy =strand burning rate of a solid
Coi =heat capacity of the kth species, propellant, m/s
kcal/kg-K Re, 2p . U,X/pe, Reynolds number based
C =heat capacity of solid propellant, onx
kecal/kg-K R, =revghness height, m
D =diffusion coefficient in Fick's Law, R, =universal gas constant, N-m/kmole X
mi/s Sc =u/pD, Schmidt number based upon
iy =damping coefficient defined in Eq. molecular properties of the fluid
(26) Sz, =Schmidt number for turbulent flow
E . E, =act*vation energies in the gas phase defined in Eq. (8)
reaction and propellant surface T =temperature, K
decomposition, kcal/mole r =reference temperature, 298.14K
gr =Y’'4, mean square of fuel mass- T, =propellant temperature, K
fraction fluctuations T, =propellant initial temperature, K
Ahy, =heat of formation of the kth species, Ty =propellant surface temperature, K
kecal/kg T, =reference surface temperature of the
hy =Ah, +§}C,dT, . enthalpy of propellant, K
the kth species, ke & u = gas velocity in x direction, m/s
H =L, Y, h,+u,u,/2, stagnation enthalpy U, = freestream velocity, m/s
of gases, kcal/kg u, 2T, /0., friction velocity, m/s
v =ga v- ocity in ydirection, m/s
“Presented as Paper 78-978 at the AIAA/SAE 14th Joint Propulsion W = (L, 1,/ W,) "', average molecular
Conference, Las Vegas, Nev., July 25-27, 1978 submitted Oct. 6, weight of gases, kg/kmole
1978; revision received May 18, 1979, Copyright © American In- W, =molecular weight of the kth species,
stitute of Acronautics and Astronautics, Inc., 1978, Al rights ke/kmole
reserved. Reprints of this article may be ordered from AIAA Special X =coordinate along ihe propellant
anglicaéior::. !290£vcnuc of lhc‘ Americils', N;w York, ;‘.‘;_%omml?. surface, m
Order by Articie No. at top of page. Member price $2.% cach, = H
nonmember, $3.00 cach Remittance n%ust accompar?y order. Y coordinate normal to the propellant
Index categories: Solid and Hybric Rocke! Engines; Reactive surface, m. .
Flows; Boundary L.ayers and Convective Heat Transter—Turbulent. Y" =mass frac".o nof the kth, species .
*Assistant Professor, Dept. of Mechanical Engincering. Member Ves =mass fraction of fuel in a composite
AlAA. solid propellant
tAssociate Professor, Der  of Mechanical Engincering. Member Yos =mass fraction of oxidizer in a com-
AlAA. posite soiid propellant
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) —time-averaged quantity who used the Prandtl-Karman boundary-layer theory to
<) = fluctuating quantity describe the flowfield. Tsuji,” Razdan,® and Schuyler and
(), =partial differentiation of the quantity Torda? analyzed the problem by considering a laminar

in () with respecttox,, ( )/m

] =boundary-layer thickness, m

€ =uu, u! /p, turbulent dissipation, m2/s?

A =thermal conductivity of the gas,
kcal/m-s-K

A =thermal conductivity of the solid
propellant, kcal/m-s-K

u = gas viscosity, kg/m-s

Begr =p + p,, effective viscosity, kg/m-s

By = turbulent viscosity defined in Eq. (11),
kg/m-s

(u/Pry = (u/Pr) + (p,/Pr,), kg/m-s

(n/S¢) o5 = (u/Sc) + (n,/S¢c,), kg/m-s

vy =number of kmoles of the kth species

p =gas density, kg/m?

o =solid propellant density, kg/m?

T =p81/3y, local shear stress, N/m?

Wy =rate of production of species k due to
chemical reactions, kg/m?-s

Subscripts

k =species 1ndex representing fuel gas
[F 1, oxidizer gas (O], and product gas
(P]

o = freestream condition

w = wall (propellant surface) condition

I. Introduction

ROSIVE burning is a common phenomenon experienced

in :olid-propellant rocket motors, and generally
represents an increase in propellant burning rate due to high-
velocity combustion gases flowing parallel to the propeliant
surface. The ability to predict the burning rate 1s of prime
importance in the design of a rocket motor, because both the
thrust level and the burning time depend on the burning rate.
Erosive burning is a serious problem in high-performance
rockets and missiles with high-thrust, short-burning, solid-
propellant motors. Nozzleless rochet motors recently have
atiracted considerable interest because they offer sigmficant
econom . advantage over more conventional motors. Noz-
zleless ocket motors have low port-to-throat area ratios in
which the gas velocity reaches somc and supersonic speeds
over the propellant surfaces, [eading to the extremely serious
problem of erosive burning.

In the past, the problem of erosive burninr has been in-
vestigated by various methods, as reported in literature
reviews by Kuo and Razdan,' and King.® Enisting theorics on
erosive burning, in general, can be divided into three distinct
classes, depending upon whether the theory is based on 1) a
phenomenological heat-transfer theory that does not take into
account chemical reactions and/or flame structure, 2) a flame
theory based on a description of combustion mechanisms
and/or flame structure, or 3) an aerothermochemical analysis
that includes the consideration of heat, mass, and momentum
transfer in a chemically reacting boundary fayer.

Among phenomenological heat-transfer theories, the
Lenowr-Robillard theury’ i teferred to most often. The
essence of this theory is that erosive burning rate is propor-
tional to the forced convective heat-transfer coefficient.
Representative worh on erosive burning btased on flame
theory has been reported by Vandenkerckhove,* who con-
sidered the flame structure and the mechanism of solid phase
decomposition in a double-based sohd propellant. King* has
developed a model for the erosive burning of composite
propellant, based on the assumption that the crossflow of
gascs bends the diffusion flame, thus bringing the heat release
zone closer to the propellant susface.

The erosive burning theory based on the boundary-layer
approach was first reported in the early work of Corner,®

- e Y \4:«:ﬂ%,§ﬂ-«'§
T s SR

s ~

boundary layer over the propellant surface. However, it must
be noted that the flow in an erosive burning situation is
normally turbulent. Lengelle!® used the integral solutions of
turbulent boundary-layer equations in combination with a
diffusion flame theory to develop his model. Beddini!! has
used a multiequation turbulence closure model to solve the
boundary-layer problem. He considered the combustion of
hemogeneous propellants.

Although there are differing emphases in various ap-
proaches to solving the problem of erosive burning, the most
realistic analysis must consider the interaction between flame
zone structure and the flowfield. In this paper, such an in-
teraction is considered through an aerothermochemical
analysis of the problem, which includes the consideration of
heat, mass, and momentum transfer in a chemically reacting
turbulent boundary layer. The development of the current
model is based on the combustion of the most commonly used
ammonium perchlorate (AP) composite propellants and is,
therefore, limited to these types of heterogeneous propellants.

Most of the successful strand-burning models'>!? of
compostte solid propellants consider the dominant effect of
oxidizer-fuel {O/F) diffusion flame on the burning rate of the
propellant. At normal rocket pressures (in the order of 100
atm), the pressure dependence of the burning rate of a
composite propellant, as poirted out by Steinz et al.,!? is
brought about through the diffusion flame. Steinz et al. also
note that the scale of unmixedness, as it affects the diffusion
flame, is an important aspect of the burning process. In the
presence of a flowfield, it is this diffusion flame that interacts
with the turbulent crossflow of gases and, therefore, affects
the heat flux to the propellant surface and the burning rate.
Figure 1 clearly illustrates this point. The plot is based on the
experimental data of Refs. 5 and 14. The erosive-burning data
for various ireestrcam velocities was taken from King's
work.* With known biowing rates and freestream velocities,
the corresponding friction coefficient was obtained from
Simpson and MacQuaid’s data reported in Ref. 14. The data
on friction coefficient are also available from earlier work by
Mickley and Davis.'* However, the crossflow velocities in
their work were quite low (about 18 m/s) and their data are
correlated with (v, /U, ), rather than the conventional mass
blowing paranmieter (pv),/(pU),. Figure 1 shows that the
domain of turbulence is very close to the propellant surface
and that it interacts with the diffusional reaction zone, which
1s about 20-100 um from the propellant surface. Makunda’s ‘¢
calculations also show that the flame zone is in the turbulence
region of the flowfield. With increasing crossflow velocities,
the domain of turbulence comes closer to the propellant
surface (see Fig. 1). It is clear that the diffusion flame is in a
region where the turbulence cannot be ignored.

The objectives of the present study are: 1) to formulate a
theoretical model, based on an aerothermochemical analysis
of the erosive burning problem of composite solid
propeliants, which considers the heat masy, and momentum
transfer in a chemically reacting turbulent boundary layer; 2)
to solve the theoretical model and to study the effects of gas
velocaity, pressure, and propellant physicochemical charac-
teristics on the erosive burning rate of a composite solid
propellant; and 3) to test the validity of the theoretical model
by comparing the predicted erosive burning rates with ex-
perimental data.

1.  Analysis

A. Description of the Physical Model

Th_c physical model considered in the theoretical analysis
consists of a flat plate with a fixed leading edge as shown in
Fig. 2. A two-dimensional propellant slab glued to the

o
tl

Sl s

LD A IR

b
Yo TN

S Z_,gi

(EUMTBENZE M

b

AEA N 2 M el TR S e




LA o2
%

. &

Sunts otk

L AR

P
v

A

i\.\lOVEMBER 1979

T NF

2 2 o
TSR RN O Y0, g <.

Ux 213 n/s

Distance from Surface, y, um

Fig. 1 Effect of freestream velocity on the domain of turbulence
near & propellant surface.
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Element

Fig.2 Physical model considered in the theoretical formulation.

leading-edge element is ignited by the hot combustion gas in
the freestream, whichk forms a turbulent boundary layer over
the burning surface of the propellant. The boundary layer is
considered to be quasisteady, two-dimensional, and
chemically reacting.

B. Conservation Fquations

To fo.mulate the theoretical model, one begins with the
general conservation equations for < reacting compressible
flud fiow. In these equations, each instantaneous variable is
replaced by its mean and fluctuating part (this is the well-
known Reynolds’ decomposition procedure), and all
equations are time averaged. !’ The following assumptions are
then introduced into these equations: 1) the averaged flow
properties are steady; 2) the mean flow is two dimensional; 3)
for a flow of Mach number of order one,

a7 an? o

p (0u'/3y) < (31/3y) and p'u'v <pu’ v’

(according to Laufer'® the density fluctuations have a
kinematic rather than a dynaniic effect on the turbulence); 4)
there is no reaction-gensrated turbulence'?; 5) the Lewis
number s umty; and 6) Fick's law of binary diffusion is valid.

Following the regular procedure for order-of-magnitude
analysis, dominant terms in the time-averaged cquaiions are
retained to give the final form of the two-dimensional, steady-
state, boundary-layer equations for a reactive turbulent
compressible flow (see Ref. 17 for details). These equations
for the conservation of mass, momentum, species and en-
thalpy, and the equation of state are:

2 oine 2 ooty =0 )
ax s ay U=

where p0

pv+p U
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v P = 100 atm _.a_u+_6,a_a_a[ D e a-] )
3 _/— 1scous Sublayer Re = 106 4 ax 4 3y = 3y Perray Cpﬁ 3 )
e Fole— 3yffor Layer —l
(Turbulence Effect v v o
Not Negligible) pg‘.’_y.’.‘ +pl}°a_}.’i‘ = i [(_‘i) m ] +f,,k (3)
ax dy Ay L\Sc/y Oy

5l 4 o 28 _ ey &
P P dy Pr

X 3y dfay
u?/2
+ [I‘c" (PI’ cfl] a_}' } (4)
p=pR,TIWw 5)

In arriving at Eqgs. (2-4), we have used the following models
for various correlations:

1) Reynolds stress u’v” is related to eddy viscosity by the
following equation 2°:

—— Ou
—im’v'=u.—u ©6)
ay

2) Velocity density correlation has been modeled using
Boussinesq approximation 2 as:

-7 By

pu=cp U]

R -]
Q:'Q:
> 1™

Mass transfer by turbulent diffusion (ov)’ Y, and heat
transfer by turbulent diffusion (pv) ' A, are modeled by using
Reynolds’ analogy:

M ahlr
P ay

, a7,
~ o0 Y=gt A,

Sc, dy ®

(PU) h&

A two-equation turbulence model,?® in which the tur-
bulence is assumed to be characterized by its kinetic energy K
and its dissipation rate ¢, has been employed for the closure of
the present problem. In addition to the governing equations,
Eqs. (1-5), two additional equations for K and ¢ are required.
The K equation'’ for a steady, two-dimensional, boundary-
layer flow is:

2 K2 (, )]
Plax TPV 5 Ty L\ -

au v apauJ i
“’[(ay) C,b dx dy TP ®

The exact form of the ¢ equation for a reacting flow is very
difficult to model, because of the appearance of correlations
involving fluctuating velocity gradients and density fluc-
tuations. We use the form of ¢ equation as applicable to
uniform property flow.2® However, we modify it by retaining
the full expression for production of K, which comprises the
second terin in square brackets on the right-hand side of Eq.
(9). This practice has been followed with good success in
reacting flows.2#* The e equation'” for a steady, two-
dimensional, boundary-layer flow is:

-,;9£+-l;~a_‘_‘?[(+“‘ ?f]
Pl +p0t o= |\ =)

€ _€?
],-(-—c,p; (10)
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The turbulent viscosity y, is related to K and e:

2
C% 11

where C, is a constant. The model of Eq. (11) has been used
widely with considerable success. 2024

C. Modeling of Gas-Phase Chemical Reaciions

The set of equations (1-5) and (9) and (10), with appropnato.
boundary conditions, can be solved, provided w, in Eq. (3) is
known. When a composite solid propellant burns, solid fuel
and oxidizer particles transform into gases. Thy gases may
react in several steps. However, in the present work, the
following global single-step-forward chemical reaction is
assumed:

veF+v,0—vpP (12)

where O and F represent the oxidizer and the fuel gases,
respectively, and P represents the product gases.

The possible expression for the instantaneous global
reaction rate is:

w, = =W k]IL (oY /W,)v, (13)

(k =0, F, and specific reaction rate constant k. is given by the
Arrhenius law k;=A, exp{—E, /R, T]). The time averaging
of Eq. (13) represents one ofg the central difficulties of
combustion modeling. One can replace the exponential term
by 1ts series expansion, thereby introducing correlations such
as Y] YF, Y T, YT, T2, etc. Additional conservation
equations must be solved for these correlations; this
procedure, however, reduces the economy significantly and
introduces more empiricism into the model.

One other approach, first proposed by Spalding,* is the
eddy-breakup (EBU) model. In this model it is proposed that
the gases in a turbulent flame, at high Reynolds numbers,
should be considered as lumps or eddies of unburned and
fully burned gas. Spalding assumed that the rate of burning
depended upon the rate at which fragments of unbuined gas
(eddies) were broken into still smaller fragments by the action
of turbulence, and that this rate was considered to be
proportional to the rate of decay of turbulence znergy.
Spalding’s initial version of the EBU mode! was based on the
mixing-length hypothesis,* and Mason and Spalding® in-
troduced the EBU model based on the two-equation model of
turbulence to solve the problem of confined turbulent flames.
The use of the EBU model for diffusion flames has been
discussed by Lockwood; Magnussen and Hjertager?’ have
used the EBU model for predicting soot formation in a dif-
fusion flame. The EBU concept can be used to model the gas-
phase reaction rate for the erosive-burning problem, in which
the fuel and oxidizer gases are unmixed as they emerge from
the propellant surface. The presence of the high-lateral shear
in the boundary layer forms the turbulent eddies. It is
recasonable to assume that these eddies engulf fuel and
oxidizer gases, giving rise to oxidizer and fuel eddies. Further
justification for assuming the existence of fuel eddies comes
from the GDF theory, '? according to which the gaseous fuel
emerges as pockets (eddies) from the burning composite
propellant surface.

We might then follow the EBU concept and also the
arguments of Lockwood 2%; in a diffusion controlled reaction,
the rate of consumption of fuel is proportional to the rate of
dissipation of the fuel-containing eddics, as characterized by
the rate of diminution of the energy of the fluctuations, g =
Y77 This rate can be equated to the rate of suppiy of encrgy
from the large-scale motion, which can be taken as
proportional to the quantity of cnergy involved and to

reciprocal of the eddy time scale characterized by ¢/K.

bpoc ~ Vg (e/K) (14)

Equation (14) can be used, provided g is known. The con-
servation equation for g can be solved; however, we have
simplified the amalysis by assuming the production and
dissipation terms of the g, equation to be dominant. This
assumpnon is pamcularly good in the near-wall region, which
in the current problem is the important region in which most
of the chemical reactions take place. Therefore, when
equating the production and dissipation terms of the g
equation (see Ref. 20), we arrive at

gractt T ey as)

From Egs. (11), (14), and (15), we finally get
ay
op=—C p»/kl £ | (16)

where C,, is a constant. Equation (16) is used along with Eq.
3)to solve species distribution in the gas phase. It should be
recognized that the reaction rate represented by Eq. (16) has
some limitations. First, it is assumed that the rate of chemical
kinetics is very fast, i.e., the reaction is diffusion limited. This
assumption 1s particulerly valid for gaseous reactions taking
place under high pressures, such as those which exist in actual
rocket situations. Second, the use of Eq. (16) is limited to
turbulent boundary-layer flows. The primary reason for
limiting the current study of erosive burning to turbulent
boundary-layer flows is that the flowfield developed over
most of the solid propeliant grain in a practical rocket motor
is turbulent.'6-28 It js believed that the limitations of the
current analyses to actual rocket motor situations are far less
severe than those analyses which have been limited to laminar
boundary-layer flows.”® Further, the application of Eq. (16)
to a turbulent boundary-layer flow is more appropriate than
the Arrhenius reaction rate law [Eq. (13)}, which uses the
average temperature and neglects various turbulence
correlations. When various turbulence correlations in the
Ar:henius reaction rate law are neglected, significant errors
may appear in the calculations of reaction rates, as noted by
Lockwood. 2

It may be noted that the species conservation equations are
solved for Y and Yor={Y, - (¥, W,,/vFWF) Y,]. The choice
of the latter variable, with the assumption of Eq. (12),
eliminates the nonlinear source term in the equation for this
variable. No separate conservation equation is needed for Ye.
which is defined as (1 ~ ¥, — Y).

D. Heat Conduction Equation in the Solid Phase

It is assumed that the heat conduction into the solid
propellant is dominant in a direction normal to the burning
surface. In a coordinate system attached to the burning
surface, the temperature distribution in the solid propellant,
at a given x location along the surface, is governed by:

a’T 37'
A —£ % =p,C,r, =L % —o<y=0 (17)

E. Burning Rate Equation

Burning rate of a solid propeliant is a function of the
surface temperature, and can be expressed by the Arrhenius
law of surface pyrolvsis:

(18)
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It 15 the surface temperature T, which provides the link
between the burning rate and the gas dynamics. The surface
temperature depends on the heat flux from gas to solid phase,
and the heat flux is evaluated by solving the gas-phase con-
servation equations.

F. Boundary Conditions

To complete the formulation of the theoretical model,
boundary conditions must be specified at the solid-gas in-
terface as well as at the freestream. The interface mass and
energy balance are obtained by considering the flux balance at
the solid-gas interface. The mass balance equations can be
wrilten as:

s ay,
(6 ¥5) =0y, Yos = (3052 ) =0 (19)
7
(pv)p)..—p,r,,YFs—(pD-é;—) =0 120)

»

First and second terms of the preceding equations represent,
respectively, the component & (=0 or F) transported away
from the interface by the normal velocity in the gas phase and
in the vaporizing solid phase. The third term represents the
component k transported from the gas to the solid by dif-
fusion. The energy balance equation is written as:

ar
ay

aT,
)‘"a_yﬁl =) ] +o,r(h,_ ~h,.) @1

In Eq. (21), the term on the left-hand side represents the net
heat flux to the solid propellant; on the righi-hand side, the
first term represents the heat flux from the gas to solid sur-
face, and the second term represents the net heat release at the
surface. Subscripts (~) and (+) represent, respectively, the
solid and gas side of the solid-gas interface.

Following Levine and Culick,?® the net heat release at the
surface, per unit mass (equal to the difierence between the
enthalpies of the gas and solid on their respective sides of the
interface), can be expressed as

QT =h,, =h, =0, +(C,~CH(T,,-T,) (22

where Q, 15 the net surface heat release (negative_ for
exothermic reactions) at a reference surface temperature 7.

By integrating Eq. (17) from y= — o, where 7,=T,, and
»=0, where T, =T, and using the result along with Eq. (22)
in Eq. (21), we find

aT - .
)\a—y =p Cp Ty = CiTp + Qs+ (C,=C,) T, ] (23)

Boundary conditions for K and ¢ are applied near the wall
rather than at the wall. Near a wall, production and
dissipation terms in the K equation are equated (a reasonable
approximation in this region); therefore,

e=%(g-g>: (24)

Turbulent viscosity p, close to the wall is calculated from van
Driest’s formula. 3¢
, o
p, =p (kDY) -~ (25)
ay

The damping coefficient D is given by

war 60y
S):l—cxp(—;—,‘) ”""(‘?ﬂn) (26)
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where 7 is the local stress, 4 * is a constant, and R, is the
average roughness height. Equation (25) is particularly useful
to include the effects of surface roughness on erosive burning.
From Egs. (11), (24), and {25), we find expressions for K and
€, as

_ (kDy)? (32

K=& (ay) @n
o p

_ 2| —

e= (kDy) |ay (28)

The primary reason for choosing this procedure for the
boundary conuition of K and ¢ is that the models of various
turbulence correlations in the development of K and ¢
equations are inappropriate near a wall. This fact is widely
recognized by researchers in the area of the field of tur-
bulence, 2 and there is no unique method to avoid this
difficulty. Jones and Launder? have proposed some
modifications in the K and ¢ equations. However, the
solutions of modified K and ¢ equations have not been tested
widely with experimental data; consequently, the universality
of the additional empirical constants introduced in modified
K and ¢ equations has not been tested. The near-wall treat-
ment of the K and € equation presented in the current analysis
is somewhat similar to that of Chambers and Wilcox.3! It
may be noted that the boundary conditions, Egs. (27) and
(28), give the values of K and e consistent with their
distributions in the near-wall region; this becomes apparent
when one uses the log law of the wall for velocity in these
equations (see Refs. 20 and 31). It may also be noted that
Omon,?* 1n his calculations of the boundary layer in a rocket
motor, has also considered two separate regions of the
boundary layer, viz., the viscous sublayer region close to the
wall and the wake region. Omori used a K-fmodel?? in solving
his problem, and in the near-wall region, he used the modifizd
van Driest correfation to specify the eddy viscouty
distribution.

Other boundary conditions which ace considered in the
model are:

At the wall:
u=0, é=pry/p, T=T, 29
At the freestream:
} . - - K 3¢
u=U,, T=T,, Y,=Y,=0, 5;_:—;:0 30)

Governing Egs. (1-5), (9), and (10), with boundary con-
ditions, Egs. (18-20), (23), and (27-30) compleic the
theoretical formulation. The system of partial differential
equations is parabolic in nature and is solved numerically.

111. MNumerical Procedure and Results

A. Numerical Procedure

A number of numerical techniques exist in literature to
solve parabolic partial-differential equations. Several
researchers2!*#* have used the numerical technique propo-.ed
by Patankar and Spalding3*; the same numerical procedure is
followed in this study (see Ref. 17 for d~tails).

About half of the 100 cross-stream intervals employed were
distributed within 10% of the boundary-layer thickness,
where the dependable variables change rapidly. The forward
step size along the x direction is variable and was set at 0.3
times the boundary-layer thickness. Iterations of the boun-
dary-layer solutions were found necessary to obtain a good
convergence on the surface temperature. The maximum
al'owable percentage errcr in the convergence of the surface
temperature was set equal to 0.01.
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Table 1 Properties used in theoretical calculations

Propellant type
AP, 65%
Property AP, 75% Polysulfide,

(dimensions) PRAA/EPON, 25% 35%
a (ps1a/in./s) 230 0
A (m/s) 26174 @ p=100atm 25289@

p=100atm
At - 26 (Ref. 30) 26
b (psia'3/nss) 345 41.85
¢ (keal/kg-K) 0.38 0.38
C, (kcal/kg-K) 0.3 0.3
E (kcai/mole) 30 30
Ahyp  (kcal/kg) 55.93 -0.42
Ahp,  (keal/kg) -942.0 -936.6
Ahyp  (keal/kg) -1137.3 -1310.5
& — 0.41 0.41
P, - (Svehla’s eq.)¥ same eq.
¥/(1.77y ~0.45)
P, — 0.9 (Ref. 36) 0.9
Q's (kcal/kg) =~ 166 (Ref. 12) -240
(Ref. 35)
Sc — 0.7078 0.7078
Se, — 0.9 0.9
15, (K) 298 298
T (K 800 800
Wg (kg/kmole) 30 30
W, (kg/kmote) 27893 27.949
We (kg/mole) 20.381 25.69
Yps — 0.25 0.35
Yos — 075 0.65
¥ - 1.26 1.26
A (kcal/m-s-K) Cpp/Pr same ¢q.
By (kg/m-s) 8.7x10 -8V W, 706 same 3q
(Ref. 35)

ve (kmole) 1 1
v, (kmole) 3.2266 1.9935
vp (kmole) 5.888 3.3366
Py (kg/m3) 1600 1660

Table2 Constants used in turbulence modeling

Constants (o) C, C; C, C C (&

4 - K 4
Values 1.0 13 157 20 048 009 1.0
Reference
source 20-22 2022 21 22 24 2022 21

B. Results and Discussion

Solutions were obtained for two types of composite
propeilant compositions: 1) ammonium perchlorate (75%)
and PBAA/EPON (25%), and 2) ammonium perchlorate
(65%) and polysulfide (35%). The various physical properties
used in the calculations are given in Table 1, and the values of
the constants used in the turbulence modeling are given in
Table 2.

It is worthwhile to draw attention to the procedures
followed in obtaining some of the properties used in Table 1,
especially in the case of those parameters associated with the
global single-step-forward reaction. The products generated
from the AP primary flame (A/PA flame) due to the chemical
reaction between NH; and HC10, are considered to form the
equivalent oxidizer gas represented by the symbol [O] in the
global reaction. The primary flame is assumed to be collapsed
on che propellant surface. The calculations of Steinz et al.'?
demonstrate that in the burning of a composite propellant at

normal rocket pressures, the A/P flame is so thin (~1 um)
compared to the oxidizer particle size and the O/F flame
thickness that it may be considered to occur at the regressing
propellant surface, merely depositing its heat there as
gasification takes place. The GDF model*? considers the
effect of A/PA flame on the burning rate of a composite solid
propellant when pressure is less than 10 atm. However, under
normal rocket-motor pressure ranges (a typical rocket-motor
pressure is around 100 atm), the dependence of the burning
rate on pressure comes from the O/F diffusion flame of the
AP composite propellant. Because the current erosive-burning
model is not designed for unrealistically low pressures, the
assumption of collapsed A/PA flame is therefore a
reasonable one. The exothermic heat of formation of the
equivalent oxidizer gas is obtained from the thermochemistry
calculation using the CEC72 program. 3’ The inputs necessary
for this calculation are the heat of formation of the solid AP
and the gas pressure. This calculation also gives the average
value of the molecular weight of the equivalent oxidizer gas.

It is assumed that the equivalent gaseous fuel, represented
by the symbol [F ), is formed by the ablation of the solid fuel-
binder due to random scission/systematic unzipping of the
polymer chain, as discussed in Ref. 12. The heat of formation
of the equivalent fucl gas was calculated from the difference
between the heat of formation of the solid fuel binder and the
heat of decomposition. The heat of formation of the
equivalent ptod ict gases, represented by symbol [P ], is
obtained from the overall thermochemistry calculation of AP
and fuel-binder combustion. The average molecular weight of
the product gases is also determined from this calculation.
The stoichiometric coefficient vy, »g, and v, are determined
from the mass balance of the global reaction for a given
propellant of known initial oxidizer-to-fuel ratio.

The procedure used to calculate the pre-exponential factor
in the Arrhenius law of surface pryolysis A, is as follows: For
a particular propellant, the strand burning-rate law is
assumed to be known. Using this law, the value of r,, at a
pressure of 30 psi can be determined. At this pressure, the
measured surface temperature is known!'23%; therefore, with
knownr,), 7, and £, Eq. (18) is used tc evaluate A,.

Figure 3 shows the calculated distributions of turbulent
kinetic energy, Reynolds stress, and velocity in the chemically
reacting turbulent boundary layer considered over the
propellant surface. The peak turbulent kinetic energy is
located farther from the wall than that in a conventional flat-
plate turbulent boundary, due to the strong surface blowing
rates caused by the burning of the solid propellant. Calculated

Propellant Type: Flow Conditions:
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S8 | PBAAJEPON 25% P = 1)0 atm
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Fig. 3 Calculated distributions of turbulent kinetic encrgy, Reynolds
stress and velocity.
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0.4 Propellant Type: Flow Conditions:
AP 75% P =100 atm
PBAA/EPON 25% T, = 2250 K

0.2 x =15 cm

Dimensionless Temperature,

1 1 | |
0 0.2 0.4 0.6 0.8 1.0

y/$

Fig. 4 Calculated temperature distributions for different freestream
velocities.

0.6 Propellant Type: Flow Conditioas:
AP 75% U = 400 m/s
0.5 [LPBAMERON 257 P = 100 atm °
T = 2290 K 1 & @
e i
il -
g 0.4 Rey =1.17x107 1'6C5 3
1> ; 6 x =15 cm 5™
. -erxo Bt
§ 0.3 120§'S
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= 0.2 80 = .
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Distance from Propellant Surface, y, jm

Fig. 5 Calculated distribution of oxidizer and fuel mass fractions,
and the rate of heat generation in the gas phase close to the propellant
surface.

temperature distributions for different freestream velocities
are shown in Fig. 4. The teniperature rises rapidly from its
value at the propellant surface and gradually approaches the
freestream gas temperature at the edge of the boundary layer.
The rapid nise from the surface is caused by the chemical
reactions occurring in the gas-phase region close to the
propeilant surface as illustrated in Fig. 5, which shows the
calculated distribution of the rate of heat generation in the gas
phase. Figure 5 also shows the dist.ibutions of the oxidizer
and fuel mass fractions which drop to very small values in a
region close to the propellant surface, due to the higher rate of
reaction of this region.

The temperature gradient becomes steeper (higher gas-to-
sohd heat flux) at the surface as the freestream velocity in-
creases (sce Fig. 4). This is expected because the higher the
level of turbulent intensity, the higher the chemical reactions
in the gas phase. This effect can be seen from the results
plotted in Figs. 6 and 7. The results of Fig. 6 show that the
increase in freestream velocity brings the Yocation of the peak
turbulent intensity closer to the propellant surface. This has a
significant effect on the flowfield near the propellant surface,
The closeness of the peak turbulence intensity to propellant
surface means that the turbulent eddies with high frequencies
also come closer to the propellant surface. This causes an
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Propelliant Type: Flow Conditions:

g AP 75% P = 100 atm
“ PBAA/EPON 257 T = 2250 K
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x=15 cm °
1.3~ 1.6

...
i
r
1
—
&
Factor, r:b/rh

Locatjon of Peak Turbulence Intensity
T
I
~

from Propellant Surface, Yie
Erosive Burning-Rate Augmentation
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Fig. 6 Effect of freestream velocity on the location of the peak
turbulent intensity from propellant surface and the subsequent effect
on erosive burning rate,

Propellant Type: Flow Conditions:
AP 75% P = 100 atm
PBAA/EPON 257 T, = 2250 K —420
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Fig. 7 Effect of freestream velocity on the peak value of heat
generation rate in gas phase and its location from propellant surface.

increase in the mixing rate of oxidizer and fuel species,
therefore increasing the gas-phase reaction rate and bringing
it closer to the propellant surface. The results plotted in Fig. 7
show that the peak value of the heat generation rate in the gas
phase, due to chemical reactions, increases with increasing
velocity, and the location of this peak comes closer to the
propellant surface. Therefore, the increased heat flux
eventually increases the erosive burning augmentation factor
(rp/rpy), as shown in Fig. 6.

It may be noted that for any U, the location of the peak
value of K (Fig. 6) is farther away from the propellant surface
than the location of the maximum value of Q, (Fig. 7). This,
however, does not mean that the turbulence has negligible
influence in the gaseous reactions in a region where the
reaction rate is maximum (cotresponding to maximum (,).
For example, present calculations (for U, =400 m/s) show
that g, in this region is more than 10 times the value of pu.
Therefore, there 1s a strong effect of turbulence in this region,
even though the neak value of K is away from this region. It is
clear from Eq. (16) that the reaction rate is influenced not
only by the level of X, but also by the gradient ¥, which is
steeper near the propellant surface. Thus the maximum

X
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5 Propellant Type: Flow Conditlions:
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Fig. 8 Comput:J erosive burning rate augmentation factor showing
the effect of propellant-surface roughness height at different
freestream velocities.

2.5
A P = 100 atm
[o) ~ 50 atm
2.0L— Theoretical
) Predictions

P = 100 atm

o

Total Burning Rate, Tys cm/s
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A
B o Propellant Type:
0 5(2 AP 65%
. Polysulfide 35%
x =23 cm
0 1 | 1
0 100 200 300 400

Free-Stream Velocity, U, /s

Fig. 9 Comparison of the predicted erosive burning rates with the
experimental data of Marklund and Lake. ¥

reaction rate region is much closer to the propellant surface
than the location of peak turbulence intensity.

The turbulent nature of the flowfield over the propeliant
surface contributes in two important ways to the erosive
burning situation. First, it enhances the diffusional mixing of
the fuel and oxidizer gases, bringing the gas-phase reaction
zone and the heat-release zone closer to the propellant surface
as the freestream velocity increases. Second, the rate of heat
transfer to the propeliant surface is increased because the
turbulence increases transport coefficients of the gas phase.
The ove all effect of turbulence, therefore, is to enhance heat
feedback which, in turn, increases the burning rate of a
propellant as shown in Fig. 6.

Figure 8 demonstrates the effect of surface roughness on
the augmentation factor for different freestream velocities.
As the roughness height increases, the augmentation factor
also increases. This ts to be expectad since roughness aids the
fuel and oxidizer mixing process, because of increased tur-
bulent activity closer to the propellant surface. However, the
effect of roughness diminishes for lower freestream velocities.
This is hecause the viscous sublayer thickness increases at low
velocities, submerging the roughness elements in the sublayer
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Fig. 10 Effect of normal burning rate on the erosive burning rate
augmentation factor.

and, therefore, lessering their effect on the erosive burning
prceess.

Fiyure 9 shows the predicted erosive burning rates for
AP/polysulfide propellant, and the results are compared with
the experimental data of Marklund and Lake.? The results
were computed at the same Reynolds number as in the ex-
periments described in Ref. 39. The effect of freestream
velocity on total burning rate is compared at two pressures of
100 and 50 atms. Total burning rate increases with an increase
in either pressure or velocity. The figure indicates that the
agreement beiween the cheoretical and experimental results is
very close. It may be pointed out that the present com-
putations are not carried out for very low freestream velocitics
(<80 m/s), because then the ratio p,r,/p, U, is no longer
small and the boundary-layer approximation used in the
current model will be violated.

Figure 10 shows the effect of normal burning rate on the
erosive burning rate augmentation factor. The AP/
polysulfide propellant (type 2), with a lower value of nor-
mal burning rate, is found to be more sensitive to erosive
burning than that of the propeliant (type 1) which has a higher
value of normal burning rate. This observation is consistent
with the experimental observation of Marklund and Lake.

IV. Summary and Conclusions

1) The erosive burning problem of composite solid
propellants has been modeled by considering a two-
dimensional, chemically reacting, turbulent boundary layer
over a propellant surface. The theoretical model has been
sulved numerically, and the predicted erosive burning rates
showed a close agreement with the experimental data of
Marklund and Lake. 3

2) The predicted results also show that propellants with
lower normal burning rates are morc sensitive to erosive
burning than those with higher normal burning rates; and, the
surface roughness of a propellant augments the erosive
burning rate of a composite solid propellant.

3) The basic mechanism for the erosive burning effect is
believed to be the increased heat feedback to propellant
surface introduced by the increase in transport coefficients,
and the turbulence-enhanced mixing and reaction of the
oxidizer and fuel gases. In addition, the increase in freestream
gas velocity brings the location of the peak turbulence in-
tensity and the reaction zone closer to the propellant surface.
Thus, more heat is released near the surface, thereby in-
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creasing the heat feedback to the propellant surface and the
burning rate of a solid propellant.
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Erosive burning rates of three types of ammonium perchlorate-based composite propellant formulations were
measured by using the high-speed motion picture method. Experiments we.e conducted in a test rig designed to
develop a well-defined, turbulent boundary layer with a distinct leading edge by the flow of combustion gases
i over two-dimensional propeliant samples. Erosive burning rate correiations which relate the buming rate to
. freestream velocit; and pressure were developed. The comparison of experimental dats and theoretical results

’ obtained from the erosive burning model, based upon the turbulent boundary-fayer approach developsd by the

authors, showed a close agreement.

Nomenclature
a =pre-exponent in strand burning rate law, (cm/s)
(MPa)~"
A, =throat area of exit nozzle, m?
A, =cross-sectional flow area in test section, m?
d.» =average size of AP particles, um
h,  =height of flow channel above propellant surface, m
H  =heisnt of test section without propellant sample, m
K = cynstant in erosive burning rate correlation,
(MPa) ~"p(m/s) ="«
n,  =velocity exponent in erosive burning rate correlation
M, =Mach number in test section
n = pressure exponent in strand burning rate law
n,  =pressure exponent in erosive burning rate correlation
pr =pressure, MPa
ry  =ry+ry,,, total burning rate, cm/s
ry,  =erosive burning rate, cm/s
Ty,  =strand burning rate, cm/s
R =gas constant, 437.6 N-m/kg-K
t =time, s
T, =stagnation temperature, 2258 K

7. =freestream gas temperature, K

U, =threshold velocity, m/s

= average velocity in test section, m/s

= freestream velocity in test section, m/s

X =distance from leacing edge along propeliant surface,
cm

y =location of burning propeltant surface, cm

«, =constant in erosive burning rate correlation, (cm/s)

(m/s)" (MPa) -«

& =boundary layer thickness, m

7 =exponent in boundary layer velocity profile

1% =ratio of constant pressure and constant volume
specific heats, 1.26

w = pressure exponent in Eq. (5)

Presented as Paper 79-1172 at the ATAA/SAE/ASME 15th loint
Propulsion Conference, Las Vegas, Nev., June 18-20, 1979; submitted
Sept. 13, 1979; revision received Nov. 26, 1979. Copyright ©
American Institute of Acronautics and Astronautics, Inc., 1979. All
rights reserved. Reprints of this article may be ordered from AlAA
Special Publications, 1290 Avenue of the Americas, New York, N.Y.
10019. Order by Article No. at top of page. Member price $2.00 each,
nonmember, $3.00 cach. Remittance must accompany order.

Index categories: Solid and Hybrid Rocket Engines; Boundary
Layers and Convective Heat Transfer—Turbulent.

*Assistant Professor, Dept. of Mechanical Enginecring. Member
AlAA.

tAssociate Professor, Dept. of * zchanical Engineering. Member
AlAA.

e e ST P

1. Introcduction

HE term *‘erosive burning’ refers to the sensitivity of the

solid-propellant burning rate to the velocity of the
combustion gases flowing parallel to the propellant surface.
The burning rate generally increases with an increase in gas
velocity. A high-velocity gas flow usually occurs in the central
port of a propellant grain used in a rocket motor. In designing
rocket motors, it is essential to be able to predict the burning
rate under high cross-flow velocities, since both the thrust
level and the web burnout time depend on the burning rate.
Erosive burning effect is particularly important in the design
of high-thrust, short-burning-time solid-propellant motors
for high-acceleration rockets and missiles. Gases in a noz-
Zleless rocket motor choke somewhere within the port, and the
gas velocity reaches sonic and supersonic speeds over some
portions of the propellant surfaces, leading to high erosive
burning rates. In order to have high performance, it is
necessary to achieve high-loading fractions (ratio of
propellant weight to combustion chamber volume) in a solid-
propellant rocket motor. However, with high-loading
fractions, erosive burning often results in high-pressure
peaks, unequal propellant-web burnout, and extended heat
exposure of the chamber wall. Chamber failure may even
occur due to overpressurization immediately after ignition,
when combustion zas velocity is at maximum. An un-
derstanding of the erosive burning characteristics of a solid
propellant can lead to the elimination of these problems
through proper modifications in the motor and/or grain
design.

The literature reviews by Kuo and Razdan' and by King?
indicate that the erosive burning behavior of solid propellants
has been investigated in the past by both experimental and
theoretical methods. Over the years, a number of models fora
possible erosive burning mechanism have been developed to
predict the burning rates of solid propellants. These models
include: 1) the work of Lenoir and Robillard,? based on a
heat-transfer theory; 2) Vandenkerckhove’s work,* based on
a flame theoty; 3) the flame-bending model of King;3 and 4)
the boundary layer models of Razdan and Kuo,5 Beddini,’
and Lengellé.® Although there are various approaches to
attacking the problem of erosive burning, a realistic approach
must consider the burning of the solid propellant under the
influence of a boundary layer (mostly turbulent) developed
over the propellant surface by the flow of combustion gases.

Experimental studies on erosive burning are important for
comparing theoretical predictions and measured erosive
burning rates. Erosive burning has been studied ex-
perimentally in various ways. The methods used include, for
example, partial or interrupted-burner techniques,®"
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cineradiography technique, ' X-:ay flash and pressure pick-
up methods,!? conductivity probe technique,'® and high-
speed photography technique.*!* None of these experimental
studies were designed to be compatible for a boundary layer
type of theoretical analysis. Moreover, in most of the previous
experimental work, the freestream velocities were limited to
low values. In the wake of the recent developments of
theoretical models®® based on turbuient boundary-layer
approaches, there is a need for erosive burning data for
propellants over which turbulent boundary layers are formed
The present experimental approach is unique in that the
experiments were conducted in a test rig designed to develop a
turbulent boundary layer with a distinct leading edge by the
flow of gases over a propellant sampl.:. There is no previous
report of erosive burning data under such conditions.

The objectives of the present study were to: 1) conduct
erosive burning tests at various pressures and freestream
velocities on two-dimensional flat ammonium perchlorate-
based composite solid propellant slabs; 2} establish a data
base for erosive burning rate as a function of gas velocity,
pressure, and propellant physico-chemical characteristics; 3)
correlate the erosive burning rate data in terms of freestream
velocity and pressure; and 4) use the experimental data for the
verification of the theoretical model developed by the authors
at the Pennsylvania State University.

Il. Experimental Apparatus

A. Erosive Burning Test Rig

The present experiments were designed for verification
purposes, so that erosive burning rates measured at various
freestream: velocities and pressures can be compared with
theoretical calculations. Consistent with the theoretical
model,® the propellant samples in all tests were of flat
geometry.

In the design consideration, two requirements were im-
posed on the structure of the experimental apparatus: 1)
experiments should be compatible with the theoretical
model;¢ and 2) combustion product gas temperature,
pressure, and freestream velocity for burning of a propstlant
should be similar to that surrounding combustion of a typical
solid propellant motor. Therefore, a turbulent boundary layer
should be formed over a flat test propellant surface by the
flow of a high-velocity gas, and the propellant should burn at
typical rocket pressures of 25-100 atm. Various materials and
dimensions of the test rig were selected on the basis of a
computer-aided design and parametric study, and the
requirements of high-pressure aud high-temperature gas flow
(see Ref. 15 for details). A schematic diagram of the test is
shown in Fig. 1. Description and function of each important
component is given in the following.

Pressure

Transducers
4”"’/7— Y

TOP VIEW

Plexiglass Window
Assembly

Driving
Motor —y Test Propellant

oia i L]
N

I-Star Grain

lgniter Spillage
Nozzle
FRONT VIEW Spillage
Channel Edge Element

Fig. 1 Schematic diagram of erosive burning test rig.

Driving Motor

A high-pressure, high-velocity, hot combustion gas flow
needed to simulate actual rocket conditions was generated in
the driving motor by burning a 30-cm long and 11.96-cm
outer diameter, 8-point star-shaped N-4 solid-propellant
grain. It may be noted here that the flame temperature of the
driver propellant grain is different from ihat of the test
propellant samples. Consequently, the freestream tem-
perature in the present experiments was different from the
flame temperature of a test propellant. However, this is not
believed to affect the results, because the erosive burning rate
in previous studies®*'? was found to be independent of the
freestream gas temperature. The neutral burning charac-
teristics of the driver propellant grain heiped to maintain a
steady-state pressure in the test chamber after a short ignition
transient interval. The driving motor was constructed of 304
stainless steel, with a length of 30 cm, an inner diameter of 12
cm, and an outer diameter of 17.8 cm.

Igniter System

To ignite the propellant charge in the driving motor, a
pyrotechnic igniter (MK 125 MOD 5) was used. The igniter
was held in a stainless steel igniter holder threaded into a
flange attached at the head end of the driving motor. The
igniter was set off by a remotely controlled ignition circuit,
and the power supply was carried to the igniter through an
insulated electrode gland feedthrough [Nanmac Corp., Model
A-501-Cu(ss)).

Following ignition of the propellant grain, the product
gases flow out of the driving motor into the test chamber
through a nozzle. This nozzle, constructed of 304 stainless
steel, was designed to converge from a square cross section
(42.3 cm?) at the end of the driving motor to a rectangular
cross section (17.8 cm2) at the entrance of a test chamber.

Test Chamber

Several important elements were designed to form the 39-
cm long test chamber made of 304 stainless steel with a rec-
tangular cross section 7 cm x 2.54 cm:

1) The test chamber was equipped with a transparent
plexiglass window assembly composed of an inner sacrificial
plexiglass window (25.4 cm x3.81 cmx 1.27 ¢m), a middle
window (25.4 cm x3.81 cmx2.54 ¢cm), and a top window
(27.94 cm % 6.35 cm x 3.81 cm). Rubber O-rings between the
middle and top windows were used to insure a tight seal. A
new sacrificial window was used in cach test firing. The test-
propellant semple was clearly visible through the plexiglass
window assembly.

2) An interchangeable wedge-shaped stainless steel leading
edge was provided, and a test-propellant sample was glued to
the top flat surface of the leading edge. The length of the
leading edge (10.8 ¢cm) allowed the development of a turbulent
boundary layer over a large portion of the propellant sample.

3) A spillage channel was provided. A small amount of the
product gases flowed through the channel and out of the test
chamber, enabling the boundary layer to develop from the
beginning of the leading edge.

4) An interchangeable top plate was designed to vary the
channel height in the test section to change gas velocity.
Pressure gradient can also be controlled by using a tapered
top plate.

5) Convergent-divergent interchangeable exit nozzles made
of stainless steel were designed to control the pressure and gas
velocity in the test chamber. Various nozzles, with throat
diameters of 1.93 cm, 2.08 cm, and 2.42 cm, were used. The
exit-nozzle assembly contained a burst diaphragm designed to
rupture at a given critical pressure of 30 atm. A small nozzle
with a throat diameter of 0.65 cm was used at the end of the
spillage channel. To ensure that the spillage channel remained
open during the test firing, the burst diaphragm was not used
in the small nozzle assembly.
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B. Burning Rate Measuring Technique

The high-speed motion picture method was used to
determine the burning rate of a test-propellant sample. The
burning test propellant was photographed by a 16-mm high-
speed motion picture camera (400-ft capacity Hycam Model
K20S4E-115). A telescopic lens (Elgeet Rochester Co., 6-in.,
/3.8, ciné Navitar No. A2305) was also used with the camera.
The framing rate of the camera during the experiments was set
from 1000 to 1500 frames per second. The camera was
equipped with two light-emitting diodes (LED), one for
generating timing signals at a preselected frequency and the
other for a common-time marker. During the filming of the
burning propellant, time marks were recorded on the film,
and a common-time mark was also recorded on the film at
that time at which ignition was started in a test firing. At the
same time, a voltage signal was recorded on a magnetic tape
recording system which also recorded pressure-time data at
various locations of the test rig. In this way, burning rate vs
time data were coordinated with pressure vs time data. The
light-emitting diodes were operated by a timing light
generator (LED driver), which was fabricated by The Penn-
sylvania State University Electronics Services and has a
frequency range of 10-10,000 Hz. The frequency in the
present experiments was set at 100 Hz.

The film was analyzed frame by frame on a motion
analyzer, by means of the Vanguard motion analyzer (M-
16GD Serial No. 772 projection head, C-11D Serial No. 773
projection case). The motion analyzer projects a 4X-
magnified picture on a screen. The screen has two crosshairs
which can be moved in x and y directions. The distance moved
by these crosshairs is obtained from two micrometer dials
accurate to a thousandth of an inch. A frame counter is also
provided to record the number ot frames moved between
readings. The readings taken from the analyzer were the y
distances (propellant surface location) at a fixed x location,
and the frame counter readings. Readings were taken ap-
proximately 100 frames apart. The time interval between each
reading was calculated from the number of time marks on the
film. To convert the y-dial readings recorded from the
magnified image to the actual readings, each y-dial reading
was multiplied by a scale factor. The scale factor is defined as
the ratio between actual object thickness (measured propellant
thickness before ignition in a test firing) to the projected
image thickness (y-dial reading of the propellant).

C. Instrumentation

Pressure Measuring Equipment

The pressure measuring system consists of piezo-electric
quartz transducers, charge amplifiers, and a recording
system. Pressure was measured at three locations: 1) near the
inlet to the rectangular convergent nozzle at the exit of the
driving motor; 2) near the leading edge; and 3) near the exit
nozzle. Three pressure transducers (Kistler Model 601B), with
a pressure range up to 1000 atm, were used. These transducers
were equipped with water-cooled adapters (Kistler Model
628C), which protected the transducers from excessive heating
by the high temperature gases. A silicon-rubber insulation
material was used to protect the transducer diaphragms from
the hot gases. Transducers were not mounted flush with the
inner surface of the test chamber, but were slightly recessed
from it to provide additional thermal protection. The charge
signal produced by a transducer is proportional to the
prussure signal, and it was amplified through a charge am-
plifier (Kistler Model 504E) and recorded on a tape recorder.
Calibrations of pressure measurements were made through
the charge amplifiers by applying a DC voltage equal to the
transducer sensitivity (picoCoulnmbs/p-i* pplied by the
manufactucer. The output of tae ck. « .plifier, which
represents the measured pressure . . .ms of voltage
(volts/psi), was then recorded. This calibration procedure was
checked periodically by me. suring a known pressure (using
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Fig.2 Schematic diagram of data acquisition system.

high pressure nitrogen) with the same transducers as those
used in the present experiments.

Data Acquisition System

Figure 2 illustrates the components of the data acquisition
system used in the present erosive-burning experiments. It
consists of pressure transducers, charge amplifiers, a 14-
channel tape recorder (Hewlett Packard Model 3924 tape
system), a 4-channel transient wave form digitizer (Biomation
Model 1015), an oscilloscope (Tektronix type 535A), an x-y
plotter (Hewlett-Packard 7044A), a high-speed movie camera,
an LED diier unit, and a motion analyzer. A pressure
transducer produces a small electric charge proportional to
the pressure in the test chamber. This charge is carried by an
insulated high impedance cable to the charge amplifier, which
after amplification converts it into voltage output propor-
tional tc the pressure. The output of the charge amplifier is
recorded on an FM channel of the tape recorder. OQutput of
the tape recorder is connected to the Biomation digitizer,
which converts the data from analog to digital form. The data

_can be displayed on an oscilloscope, or plotted on the x-y

plotter for a hard copy. The burning rate data are obtained
through the use of the high-speed motion picture camera and
motion analyzer.

D. Procedure Used in Conducting Erosive Burning Test Firings

Before conducting erosive burning test firings, a series of
cold flow tests was performed to check the uniformity of the
flow out of the rectangular convergent nozzle. Measurements
were made with pitotstatic probes at the exit plane of the
convergent nozzle. The measured velocity distributions
consistently indicated the uniformity of the flow within the
potential core over the major portion of the nozzle exit plane.
The data also indicted that the nozzle geometry is adequate
for providing a two-dimensional flow. During the course of
an erosive burning test firing, a number of safety precautions
were taken because of the complexity of the test rig setup. A
check list prescribing a systematic procedure for setting up
each test firing was used. Some of the requisites for preparing
atest firing are described below:

1) Internal surfaces of the driving-motor star grain were
spread with an igniter paste composed of potassium per-
chlorate, boron, and titanium mixed in hexane. The ad-
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TEST CELL : CONTROL ROOM m %

I 110 :%:

)

IR A A A
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I

|

Event Line
MK 125 \r
)

Ign?:er
LED

2% | Transformer

} 50 vaC, 5 Amps Time = 0 Sec

length, 10.7 cm; width, 7.3; and thickness, 1.75 ¢cm. The
leading-edge portion of the propellant was tapered to ensure
smooth development of a boundary layer. The trailing-edge
portion of the propellant was also tapered slightly to avoid
any flow separation effect in the vicinity of the trailing edge.
A little extra width beyond that of the leading-edge width was
left for the test propellant samgle in each experiment. This
was necessary in order to ensure good compression between
the sacrificial plexiglass window and the propellant. In this
way, no combustion gases could penetrate between the
propellant and the plexiglass window.

3) A thin lazer of flame retardant (chlorofluorocarbon,
Halocarbon 25-5S) was applied to the propellant’s front and
back surfaces, which were in contact with the plexiglass
window and the test chamber wall, respectively. The
propellant compression and the use of flame retardant are
essential to the experiment in order to prevent flame spreading
between the contact surfaces. Flame retardant was also used
on the inner surface of the sacrificial plexiglass window to
suppress the burning of the window. This helped to obtain a
clear view of the burning test propellant sample. In a few of
the earlier test firings, it was found that combustion gases
generated a small crack in the propellant near the leading edge
(stagnation region); eventually, the crack became larger as a
result of crack propagation and rapid flame penetration into
the crack. A small portion of the propellant leading edge was

-tl Ignition R
Switch | g ]
s Driver l L s NG
] J909NT) | a S }
oy LED e
3 Time Marker . J oley Common=
e l‘ri:e E
v S <1 Switch 5
5 ‘ Common-Time 1§ il lzape x|
g ]
E; Signal HYCAM 110 {) (Recorder: K
b 400" High'2¢| Syt . 4
Common— 4110 Time = 1.0 Sec 3
Bi Time [=*vac r
. S‘S“all Ignitzon SR 3
Switch to “é;
) Run the P K
;- Footage Camera . nﬁ;...&,;&&;%; SIS ”i
F Controlled | ‘i:;
i Event Switch «g
E K
} Fig. 3 Circuit diagram for remotely controlled ignition and high- f
% speed photography system. Time = 1.87 Sec 3
% 3
- L. . - Fig. 4 Photographs showing location of test-propellant surface at 4
vantage of using igniter paste was its ability to spread the various times during 2 test firing.
- flame uniformly and rapidly, thus reducing the time interval 3
A of pressurization after ignition. . . g
¥ 2) The test propellant was glued to the flat surface of the speed movie camera was loaded with a dummy film, and E
leading-edge element with an epoxy containing Epon 828 various control switches were then activated in the same 3
(90%) and diethylene triamine (10%). Normally, 24 h was sequence as in an actual test firing. If the setup was ap- E
required for the glue to dry and firmly hold the propellant on propriate, the fuse wire would burn, thus confirming the
the leading edge. Typical test propellant dimensions were proper function of the remotely controlled ignition circuit. E

6) Four camera lights (two 1000 W and two 650 W) were
used to illuminate the window and the propellant in the test
chamber.

7) A 16-mm, 200-ft color film was used in each test firing.
The film used was Kodak, Eastman Ektrachrome 7250 with
ASA 400 (tungsten). The f-stop on the telescopic lens was set
at 8.0 for all tests conducted.

Remotely Controlled Ignition System

A circuit diagram for the remotely controlled ignition and
high-speed photography system is shown in Fig. 3. Basically,
the MK 125 igniter is set off by an event switch built into the
high-speed movie camera. When the ignition switch is ac-
tivated, the camera takes some time to reach a steady
preselected framing rate. Corresponding to this time is the
length of film which the camera rolls before ignition. Film
length is dependent on the selected framing rate (e.g., 30 ft for
the present experiments, at about 1500 frames per second) and
can be preset with a footage-controlled event switch buil: into
the camera. After the camera runs through the initial film
length, the event switch closes, activating a relay switch, and
then setting off the igniter.

III. Data Reduction and Analysis

A. Calculation of Burning Rate from Experimental Dats

: “i also covered with the flame retardant layer to avoid Burning rate data were obtained from the photographic
:"; development of cracks. record of a test firing, as discussed in Sec. II.B. Three
g% 4) The contact surfaces of various components of the test photographs showing the location of the test-propellant
f—;:‘ ) rig were sealed by applying a layer of rubber-based adhesive surface during a test firing at various times are shown in Fig.
o sealant (Permatex No. 6BR). This was found to be very ef- 4. For each y reading, the corresponding time ¢ was computed
o fective in achieving a good seal. from the number of time marks on the film. In order to
~; ; 5) A pre-ignition test was made just before each actual test permit accurate computation of first derivatives (ry=dysdr),
S firing. A fuse wire was used to simulate the igniter, the high- a least-square polynomial fit through y ~ r data was conducted
i
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Fig. 5 Least-square polynomial fit to measured y vs ¢ data.

to obtain an equation for y(¢). Polynomials from the second
to the fifth degree were employed, and depending on the least
square error, the best fitted polynomial was chosen to
represent the data. A typical case is shown in Fig. 5. The sum
of squares of errors for this fit was very small (3.64 x 10 ~-3).
The burning rate was calculated by differentiating the
polynomial equation with respect to time. In this way, burn-
ing rate vs burning time data were obtained from all the test
firings. It may be pointed out that the accuracy of the
measured burning rate depends on the accuracy of the
measurement of the location of the burning propellant sur-
face. Measurements were taken with a motion analyzer
capable of measuring, line resolution to within 0.001 in. and at
an average time interval of 0.01 s. The error introduced in
evaluating the burning rate is less than 3%. Because the time
marks were put on the film at a precisely known frequency, no
error is expected in the calculation of the time interval bet-
ween film readings.

B. Calculation of Freestream Gas Velocity

Direct measurement of the velocity in the test section is very
difficult because of the presence of high-temperature and
high-pressure gases. Therefore, the freestream velocity is
indirectly calculated from the one-dimensional gas dynamic
relationships for flow through a nozzle. Using these
relationships and the mass conservation, the average gas
velocity in the test section, U,,, was found from the following
equation (see Ref. 16):

o= ()

(y+1)

ool ]”ilﬁ- -1:_1_ Mf,} y=n

2
®

where A, is the flow cross-sectional area over the propellant
test sample, A, is the throat area of the exit nozzle, and M, is
the average Mach number of the combustion gases in the test
section. The Mach number was calculated from the following
equation (see Ref. 16):

(y+1)

2 ‘7“1 Alh
M ={——+—M?}2h-n Lu @
S GV B " (A,,)

A,, was computed from the product of the width and height
h,, of the flow channel above the surface of a test propellant
in the test section. This height was obtained from the dif-
ference between the height of the test section without

Time, t, Sec

Fig.6 Measured pressure-time traces in an erosive burning test firing
with exit-nozzle throat diameter of 1.93 cm.

propellant sample, H, and the measured location y of the
propeliant surface. The Mach number in the test section is
obtained from Eq. (2), and the average velocity is then
calculated from Eq. (1). To obtain an expression for the
freestream velocity, correction should be made in the average
velocity to account for the boundary layer developed over the
propeliant surface and the top plate of the test chamber. The
freestream velocity was obtained from the following

equation:
- (- E]
U""U”/[l (1+n) h, ®

where § is the boundary-layer thickness and 7 is the exponent
in a nower-law velocity profile (n was taken as 1/7 in these
calculations). Boundary-layer thickness was found from the
functional relationship of é in terms of Reynolds number fora
turbulent boundary-layer flow. Equation (3) was developed
tfrom a boundary-layer analysis to account for viscous
blockage effect in the test section.

C. Erosive-Burning Rate Correlations

Using the measured experimental data, correlations were
developed between erosive burning rate augmentation factor
(rp/ry,), freestzcam velocity, and pressure. The functional
form of these correlations was obtained from the ex-
perimental data, as explained in the following. The burning
rate at a particular pressure is seen to increase somewhat
linearly with freestream velocity. An equation relating
burning rate and velocity can be written as

rb=rbo+a(U.—U,,,)"u (4)

where U,, represents the threshold velocity and « is a constant
which must be a function of pressure, since the experimental
data indicate that the slope of the r, vs U data changes with
pressure. Therefore, the following relationship is assumed:

a=a,p* o)

In this equation a; and w are unknown: constants. Although
Eq. (4) contains the threshold velocity consideration, our
experimental data for all three propellants tested showed no
threshold effect. The threshold velocity is retained in Eq. (4)
to maintain the generality of the form of the correlation.

From the graphical plot of experimental data for r, vs U,
at three different pressures, approximate values for the
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Tablel Propellant data

This equation is obtained from Eqs. (4) and (5), while r,_ is

the erosive burning rate component of the total burning rate instant at which remotely controlied ignition takes place. This

r, of a solid propellant. Using the strand burning rate law time always coincides with the first discernible pressure rise in
(ryo=ap") and Egs. (4) and (5), the correlation represented the test rig.

by Eq. (6) can be written in the following convenient form: Erosive burning characteristics of three types of AP-based
composite solid propellants were studied. These propeliants

3) The commor.-time signal shown in Fig. 6 represents that

] =
£ Propellant type 1(4525) 11(5051) 111 £l
R Composition AP/HTPB  AP/HTPB  AP/PBAA-EPON z
: Average particle size, pm 20 200 76
Weight percent of oxidizer 73 73 75
¥ Pre-exponent a in the strand 0.305 0.2026 0.2452
2] burning rate law, (cm/s) =g
& (MPa) " >
A Pressure exponent nin the 0.5611 0.5427 0.41
strand burning rate law L
: Flame temperature of 1667 1667 1920 I -
R propeliant gas, K i
i Propellant density, kg/m3 1492 1492 1600 o]
X Z
k3 3
% 2.5 2.5 ¥
A A p=7.24 MPa Propellant Type: A p=6.0 Ma Propellant Type: 2
AP 75% AP 73%
> O p=4.6 ¥Pa PBAA/EPON 252 O p = 2.76 ¥Pa HTPB 273
4 2.0k B p=3.0 MPa 4,p = 70um dyp * 20um
T T = 2250K 2 20 — Theorerical T, = 2250K 3
\' @ —- Theoretical L r Predictions x@ <9 em
B = Predictions x = 7.5cm “
! by = r
7‘ ‘:.a 1.5 k‘
@ e
4 £ 2
-t 3 -
~§ Lo £ i
k= = = %
. -y -~ '\“
§ 0.5 & 0.5 - i
-~ =
| 3
< &8
H 0 ! ) 1 ! 0 - 1_ 1 ) . } 2
3 100 200 300 400 500 600 200 400 600 800 %
' Free-Stream Velocity, U , wu/s Freestreanm Velocity, U, /s
§ Fig. 7 Comparison of predicted burning rates with experiments! Fig. 8 Compsrison of predicted burning rates with experimentsl % -
R data at various pressures and freestream velocitics for propellant Hi. data at various pressures and freestream velocities for propefiant 1. =
constants «;, w, and n, were obtained. The values of the flow in the boundary layer can be considered as quasi-steady £ 4
3 approximate constants were then optimized by a regression at any particular time.
] analysis of the experimental data for the burning rate, 2) In all the erosive burning experiments conducted, the 4
3 freestream velocity, and pressure. The regression analysis was time period for 2 test propellant sample to consume com- 3
- performed with the NLIN2 computer program ! of the Share pletely was within the time interval during which the chamber o
4 Program Library. The model supplied to the NLIN2 program was pressurized. The flame-spreading time for the star grain )
. was represented by the following correlation: in the driving motor was very short, as can be seen from the 7
3 sharp pressurization following immediately after the onset of i
ry, = p?(Up =~ Uy ) " ©) ignition. Therefore, most of the burning time of the star grain £
was adequately utilized during the test run. g

2 (ru/rpg) =1+ Xpp(Uy =Up) "™ ) and their data are listed in Table 1. Propellants designated by
B I and 11 are the same as those used by King? in his study
| The correlation given by Eq. (7) represents, within limits of (propellant numbers 4525 and 5051 in Table 1 correspond to
H available data, the ¢ffect of freestream velocity and pressure King's formulation numbers). While propellants I and II have
:‘i on the burning rate of the solid composite propellants studied the same binder (HTPB) and oxidizer-to-fuel ratio (73:27),
x The correlation equation can be represented by a 45 deg line their AP particle size is quite different: 20 um for propellant [
g on ary/ry, vs 1+Kp"sp(U, — U, ) "« plot. These plots are and 200 pm for propellant II. Pressure and velocity ranges
3 :Z; discussed in the following section. covered in the present study were 2 to 7 MPa for pressure, and
ficg 200 to 700 m/s for ireestream velocity.
2 IV. Results and Discussion Experimental results obtained for AP/PBAA-EPON
Y Figure 6 shows a typical pressure-timc¢ trace recorded propellant are plotted in Fig. 7, which shows the variation of
5 during a test firing with an exit nozzle throat diameter of 1.93 total burning rate with freestream velocity at pressures of
Y cm. Several observations can be made from the pressure-time 7.24, 4.6 and 3.0 MPa. As expected, the burning rate in-
% traces: creases with the increase in both pressure and freestream
EA - 1) The pressure variation between the peak pressure and velocity. The slope of the burning rate vs velocity curves
: ¥ _’, the start of the tail-off region is not significant, and the mean decreases with the decrease in pressure. At the same time, the
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burning rate at lower pressure changes very slowly at low
velocities (close to 200 m/s). Calculated results from the
turbulent boundary layer model® developed by authors aie
also plotted in Fig. 7. The agreement between the predicted
and measured burning rates is quite close for all pressure
considered.

For AP/HTPB propellants, Figs. 8 and 9 show the
variation of the measured burning rate with freestream
velocity at different pressures. The comparison between the
results shown in Figs. 8 and 9 indicates a noticeable difference
in the burning behavior of the two propellants with identical
ingredients, but with different oxidizer particle sizes. The
erosive effect is more pronounced for propellant 11 with larger
particle size, since the gradient of r,, vs U,, in Fig. 9is steeper

2.5
Propetlant Type:
A p=5.13 ¥a A 7
HTPB 27%
2.0 © p = 4.487 MPa dyp = 200um
T, = 2250K
& —— Theoretical xw = 6 cm
& Predictions
W LLSE
)
s
2
=4
£ 1op
5
r
e 0.5
[
0 1 1 1 | 1 |
200 300 400 500

Freestream Veiocitv, U, n/s

Fig. 9 Comparison of predicted burning rates with experimental
data at various pressures and freestream velocities for propellant I1.

4.0
&y v, =707 a/s Propellant Iype:
1.0b . PSU AP 732
© U, =40alsr s yTPB 272
» U_ = 300 a/s d = 20un
> At J AP |
& Kang's T, = 2250K
.:“’ <0 9w Us= 305 ofs Dacad x =9 cn
® L= 670 m/s!
g ars
::' -~ O/,
= /5’/,/3
g \ V4 9.
- 1. .. /’G)//
E ook 8o
~ o.8b V//,g/
i ok gd’-
[ [ ’e A
0.6+ @ 5
v Pd
0.5
0.4 ! 1 [ NS S N
2 3 4 5 67 8910

Pressure, p, Pa

Fig. 10 Measured burning rate vs pressure data for different
freestream velocities.
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than that in Fig. 8. It is believed that the higher erosive
burning rates for propellants with larg:  ticles is caused by
the roughness effect of the propellant suriace. The roughness
increases the turbulence activity near a propellant surface,
thereby increasing the gas-to-solid heat flux and the burning
rate of a propeliant. As the particle size increases, the height
of the roughness also increases, as does the burning rate of a
propellant. This phenomenon is in agreement with the
predictions of the turbulent boundary-layer medel ¢ developed
at The Pennsylvania State University. The oredictions for
propellants I and H are shown as solid lines in Figs. 8 and 9,
respectively. The agreement between the theoreticel and
experimental results is generally good. The surface roughness
height of 35% of the AP particle size was used in theoretical
calculations. This value of roughness height was obtained by
systematically varying the roughness height until the
predictions matched the measured burning rate of a
propellant. At the same time, all other physical and chemical
input data of the propellant were held constant in theoretical
calculations. Because of the lack of experimental data for
surface roughness, the above procedure of including the
surface roughness effect in the theoretical calculations is
believed to be reasonable.

It may be noted that the strand burning behavior of the two
AP/HTPB propellants is also different as a result of differing
particle sizes. Propellant 1 with 20p AP has a higher strand
burning rate r, than propellant II with 200x AP. For
examplc, at a pressure of 4 MPa, the strand burning rate of
propellant I is 0.664 cm/s and that of propellant 11 is 0.43
cm/s. Previous studies®'? have found that the strand
burning rate of a propellant affects its erosive burning
behavior. The present study shows that at a particular
velocity, propellant 11 with lower strand burning rate is more
sensitive to the erosive burning effect (see Fig. 9) than is
propellant 1, with higher strand burning rate. The higher
erosive effect for propeltant II compared to that of propellant
1 is believed to be caused by both the larger AP particle size
and the lower strand burning rate of the propellant. The effect
of strand burning rate on the erosive burning response of a
propellant is also predicted by the turbulent boundary layer
model. $

Measured burning rates for propellant I are plotted against
pressure in Fig. 19. This plot was constructed so that a
comparison could be made with King’s data.’ King has
representea most of his data on r, vs p plots. A set of data
points for different freestream velocities is shown in Fig. 10.
The data points from King’s work at an average test-section
velocity of 305 m/s do not compare well with the data ob-
tained from the present study at a freestream velocity of about
300 m/s. A possible reason for the discrepancy could be that
the data reduction procedure used by King is quite different
from that used in this study. It was found in our study that the
error in reacing the instantaneous web thickness f-on. the
motion pictures could affect results significantly. Care was
taken, with repeated film readings, to measure the web
thickness with an accurate motion analyzer. Only a few data
points are plotted in Fig. 10, owing tc the difficulty of finding
a larger number of data points for the burning rate at various
pressures while at the same time keeping the freestream
velocity constant.

Using the present erosive burning data, correlations similar
to Eq. (7) were developed. The correlation coefficients for the
three types of propellants investigated are listed in Table 2. It
is noted that the functional form of Eq. (7) does not have the
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Table2 Correlation coefficients

Propellant type i 1 111
K, (MPa) ~7p (m/s) "« 4.8x10-? 3.167x10-4 2x10-4
n 0.35 1.463 0.705

n, 0.69 1.42 1.252
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Fig. 11 Experimental data for erosive burning augmentution factor
correlated with pressure and freestream velocity for propellant 1.
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Fig. 12 Experimenta) data for erosive burning augmentation factor
correlated with pressure and freestream velocity for propellant 11,

dependence of erosive burning augmentation ratio r,/r,, on
streamwise distance x. The burning rate was measured at three
locations (x=3 c¢m, 6§ cm, and 9 cm) along the test propellant
surface. A study of the data did not reveal any significant
variation of the burning rate along the x direction. This
observation was also made by viewing movies of the test
firings in which the propellant surface remained horizontal as
it burnt downwards. It is believed that the insignificant x-
dependence of the burning rate is due to the fact that mass
flow rate of gases over the test propellant samples in the
experiments remained nearly constant. Contribution from a
burning propellant sample mass flow rate was smail in all
experiments, typically about 6%. It is known from previous
studies !0 that the erosive burning 1ate of a solid propellant is
strongly influenced by the mass flow rate of gases over the
propellant surface. Therefore, with the gaseous mass flow
rate nearly constant along the x coordinate, the change in
burning rate s also insignificant.

The comparison of experimental data with erosive
correlations for propellants I, II, and III are shown in Figs.

Fig. 13 Experimental dats for erosive burning augmentation factor
correlated with pressure and freestream velocity for propellant 111,

11-13, respectively. Most of the data points are very close to
the 45 deg line on these plots. The results of Figs. 11-13 in-
dicate that the correlation given in the form of Eq. (7) is
suitable to represent the erosive burning rate data obtained
for the three types of composite propellants studied. Such
correlations can be used conveniently in the design con-
siderations of a solid propellant rocket motor. The form of
the correlations may serve as a guide for other types of
composite propellants for which similar correlations can be
developed.

V. Summary and Conclusions

An experimental apparatus for measuring the erosive
burning rates of solid propellants under wide ranges of
pressures and freestream velocities was designed and
fabricated. The erosive burning behavior of three types of
composite solid propellants was studied by burning test
propellant siabs in turbulent boundary layers formed by the
flow of hot combustion gases over the propellant samples.
The burning rates at various pressures and freestream
velocities were measured by a high-speed motion picture
technique in which the burning propellant surface was
photographed during test firing. The following observations
and conclusions can be made from the present study:

1) The predicted results show that propellants with lower
strand burning rates are more sensitive to erosive burning
than those with higher strand burning rates.

2) The erosive burning effect becomes more pronounced
when the oxidizer particle size of a composite propellant is
increased.

3) The erosive burning rate correlates well with chamber
pressure and freestream velocity. Correlations were developed
from the measured burning rate data. Correlations of this
type can be used in design considerations of a solid-propellant
rocket motor.

4) The experimental data are in close agreement with
predicted results obtained from the erosive burning model
{based on the turbulent boundary layer approach) developed
by the authors.
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Abstract

An axisymmetric turbulent boundary layer was
analyzed in order to investigate erosive burning in
composite solid-propellant rocket motors. It was
found that there is a strong interaction between
the core~flow acceleration and turbulence level in
the boundary layer. The increase of turbulence near
the gurface of the propellant plays an important
role in the erosive~burning mechanism. Reducing the
port diameter makes a rocket motor more sensitive to
erosive burning. When the port diameter is uniform,
the erosive~burning rate increases toward the aft
end of a rocket motor. This trend is less pronowmced
or even reversed when tte port diameter is divergent.
Experimental measurements show that propellants at
lower initial temperatures, and propellants with
lower normal burning rates, are more sensitive to
erosive burning.

I. Introduction

Interest in nozzleless and other high-perform-
ance rocket motors with low port-to-throat area
ratios has stimulated the need for a better under-
standing of the erosive~burning characteristics of
solid prupellants. Crossflow gas velocity within
these rocket motors can reach sonic and even super-
sonic speeds over some portions of the propellant
surfaces, leading to high augmentation of the burn-
ing rate of a solid provellant. This augmentation,
caused by the crossflow of gases, is referred to ao
the erosive-burning phenomencn.

Because previous studies on erosive burning
have been reviewed by Kuo and Razdan,* and King
and a summary and classificacion of various erosive~
burning theories has been presented by Razdan and
Kuo,” no literature review is given in this paper.
A theoretical model, in which a chemically reacting
two~dimensional turbulent boundary layer was
analyzed to predict arosive-burning rates of com-
posite solid propellants,was recently developed by
the authors. Predicted results showed a close
agreement with data obtained from the experimental
study conducted by the authors. In the present
work, the turbulent-flow analysis of the erosive~
burning problem is performed for the axisymmetric
flow of gases inside a cylindrical propellant grain.
The analysis is limited to the combustion of common-
1y used ammonium pe-chlorate {AP) composite pr.pel-
lants burning in the turbulent boundary layer region
of a rocket motor. It should be noted that the
region of turbulent flow usually encompasses the
major length of a rocket motor.

The objectives of t! » present study are: 1) to
formulate a theoretical model for the erosive-
burning problem of composite solid propellants by
analyzing the flow in a cylindrical rocket motor:
2) to solve the theoretical model and to perform a
parametric study of the effects of gas dynamic
operating conditions on erosive burning; 3) to
conduct erosive-burning tests on AP~based composite
solid propellants; and 4) to correlate erosive-
burning rate data in terms of flow variables.

II. Analysis
A. Description of Physical Model

The physical model considered {n the theoreti-
cal analysis connists of an axisymmetric flow of
gases inside a cylindrical solid propellant grain,
as shown in Fig. 1, The gases form a turbulent
boundary layer over the burning surface of the
propellant. The analysis considers both developing
and fully-developed regions of the flow which is
assumed to be quasisteady and turbulent. The
coordinate system used in the analysis is depicted
in Fig. 1.

B. Congervation Equations

In the viscous flow region of the boundary
layer, Reynolds' decomposition and time averaging
procedure is used to develop conservation equations.
A second-order two-equation K-¢ turbulence model
is used to achieve the closure of the turbulent
flow problem. Major assumptions made in the analy-
sis are: 1) averaged flow properties are steady;

2) mean flow is axisymmetric; 3) there is no
reacvion-generated turbulence; 4) the Lewis number
is unity; and 5) Fick's law of diffusion is valid.
Conservation equations of mass, momentum, species,
enthalpy, turbulence kinetic energy, turbulence dis-
sipation, and the equation of state are:

2 (5d) + -3?; (£5v°) = 0 6%
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Turbulent viscosity u, is expressed in terms of
‘and ¢ as

k2
€

©)

v o=C

N u (8)

Various correlations have been modeled and replaced
in Eqs. (2) -~ (5). These models were discussed by
the authors in Ref. 3.

in the potential flow region of the developing
flow, the following equations are considered for
momentum and energy:

dy -
£ ._4
ocUc dx dx ®
= it R
Tc th(l + 7 Mc) (10)

Equation (10) is a consequence of isentropic assump-
tion. The centerline velocity U, is calculated from
£q. (9), and the axial pressure gradient is calcu-
lated from the overall momentum balance, using the
following equations:

- T 4 2

o {27R ot o (obAUb)]/A (11)
d
T (P UpA) = 2MRO_T, (12)

Equation (12) is obtained from the overall mass
balance inside a rocker motor. The pressure gradi-
ent expressed by Eq. (11) inclindes the affects of
change in the flow ares, and the change in bulk
density 2y along x direction.

For chemical reactions in the gas phase, the
following single~step forward reaction is assumed:

VF + voo - \)pP (13)
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The reaction is assumed to be diffusion-
controlled, and the reaction rate expression is
based on the eddy-breakup model of Spalding.5‘7
This expression, as discussed by the authors,” can
be written as

3
- -
Wy = = Cwo YK -s;g (14)

The main restriction in using Eq. (14) is its
applicability to a turbulent flow situation, which
is the case in the present problem. With the
assumption of Eq. (13), the species conservation
equations are solved for Yp and Ygp =
[Yo-(vOWO/vFWF)YF]. The introduction of the latter

variable eliminates the noanlinear source term in

the equation for Y,...
OF

C. Boundary Conditions

At the solid-gas interface, mass and energy
balances lead to the following boundary conditions:

aY
——— o
(PVYo) g = PgTp¥os ¥ POgp)pag = 0 (19)
. 3%
(DVYF)r-R - psthFS + (09-57):-1{ =0 (16)
3'»17 aT - —_
r rt;kfﬁﬂg r-; osrb[(cp-cs)(TPS—TPS)+Qs](17)

where Q@ , in Eq. (17), is defined (following Levine
and Culicks) as the net surface heat release (nega-
tive for exothermic reactions) at a reference
temperature Tog. The net heat flux to the solid
propellant is obtained by integrating the heat
conduction equation in the solid phase,

aT
T (T

s Ir - = Ps‘Tpi) Oscsrb (18)

The burning rate of the solid propellant is
expressed as a function of surface temperature
through the use of the Arrhenius Law of surface
pyrolysis:

r, =A - Eas) 19)
b~ % P " ¥
u ps
For K and € equations, Egqs. (5) - (6), the
following boundary conditions3 are applied:
&y )2 o~ 2
R & (20)
CU
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These boundary conditions are applied near the
propellant surface, rather than directly at the
surface, to avoid the low turbulence-Reynolds-
number region in which the application of K and ¢
equations is inappropriate (see Ref. 3). Turbu-
lence viscosity B, clogse to the wall is calculated
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from van Driest's formula as modified by Cebeci and
Chang9 to include the effect of surface roughness:

M, =3 (Dky)? % (22)
(y + 4y,.) Pu
where 0 = l-exp [- —-"—+-"—t ‘tl | (23)
An w
- + o+ +
by, = o.9(3&)[«€ ~ R exp(-R /6)] (24)
B 2 Bu,R /u (25)

Other boundary conditions at the propellant
surface (r=aR) are
U=0,T=T

ps? V" PgT/P(x,R) (26)

and at the edge of the boundary layer (y=0) are

K _ 3¢
-a-;’ﬁ-o

'J-uc,?src, YF-?O-o, @n

D. Numerical Method

The coordinate transformation and numerical
schee proposed by Patankar and Spalding*“ was used
in this study. Solutions of the differential equa-~
tions were obtained by numerically integrating the
equations along the transverse direction, while
marching forward along the x direction (see Ref. 11
for details). About half of the 100 cross-stream
intervals employed were distributed within 10% of
the boundary-layer thickness, where the dependable
variables change rapidly. Because of strong inter-~
action between the potential core and the viscous
boundary layer caused by the axial pressure gradi-
ent, a small forward step was taken along the x
direction, typically about 0.2 times the boundary
layer thickness. The size of this step was reduced
during the forward marching computation if changes
in Ue and T, calculations from Egs. (9) - (10)
exceeded specified limits. Iterations of the bound-
ary-layer solutions were performed to obtain con-
vergence ou the surface temperature. The maximum
allowable error in the convergence of the surface
temperature was set at 0.0l percent.

III. Theoretical Results

A. Physical Properties Used in Calculations

Theoretical solutions were obtained for a
compogsite propellant composed of 75% Ammonium
Perchlorate and 257 PBAA/FPON by weight. Various
phycsical properties used in the calculations, and
the references from which some of the properties
were taken, are listed in Table 1. The procedure
followed in obtaining some of the parameters assvc-
iated with the global single-step forward reaction
has been discussed in detail in Ref. 3. Values or
the constants used in the turbulence modeling are
given in Table 2, and sources of the constants are
given in Ref, 3.

Computations were started at a preselected
downstream x location, and the starting profiles
for velocity and turbulent kinetic energy and

T R R AR TN

=

E:

. o e s ,.,fw
dgs

Jdissipation were obtained by using the same equa-
tions used by Chambers and Wilcox.2? The initial
centerline velocity was varied for the parametric
study.

Table 1. Properties Used in Theoretical Calculations

a = 0.245 cm/s/(MPa)® A = 5.65n/s

AY = 26 (Ref. 13) C, = 0.3 keal/kg-K
Cp = 0.3 kcal/kg-K Eg =15 kcal/mole
° - L
Ahf’F 55.9 kcal/kg Ah;’Q 942 kcal/kg
Ah; P = =1137.3 kcal/kg k = 0.41
’
n = 0.41 Pr = Y/(1.77y=-0.45)

Svehla's eqi*

Pr, =0.9 (Ref. 15) Q, = ~250 kcal/kg
S¢ = Pr Sct = 0,9
T, = 298K Tq = 800K

Wp =30 kg/kmole Wo = 27.9 kg/kmole
W, = 20.4 kg/kmole Yoo = 0.25
Yog = 0.75 Y = 1.26

-8 0.65
A = Cou/Pr keal/m-sX  u, = 8.7x10° /T
(Ref. 13)

YF = 1 kmole v, = 3.23 kuole

v, * 5.9 kmole o = 1600 kg/m3

Table 2. Constants Used in Turbulence Modeling

b
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Constants ¢ [ c

1 % & ¢ G G
Values 1.0 1.3 1.57 2.0 0.18 0.09

by S AL a0

B. Results and Discussion

Flgure 2 shows the calculated distributions of
velocity (nondimensionalized with initial centerline
velocity) at various distance-~to-diameter ratios,
x/D. Velocity gradient increases with the down-
stream distance, since the flow inside the rocket
motor i3 accelerating because of a strong favorable
pressure gradient. At x/D = 30, the flow is within
the fully-developed region. The kinetic energy and
Reynolds' stress profiles at the corresponding x/D
stations are shown in Fig. 3. Since the velocity
gradient increases with disgance x, a corresponding
increase occurs in both Kand u'v'with increasing x.
Figure 3 also shows that the distance between the
peak turbulent kinetic energy and the propellant
surface decreases as the flow accelerates in the
downstream direction. This was also observed in
the simulative study of erosive burning madc by
Yamada et al.l6 Thug, with increasing distance x,
more turbulence activity occurs closer to the pro-
peilant surface, enhancing the diffusion processes
and the reaction rate, Eq. (14), near the surfsce.

The increased reaction rate effest is evident
from the results plotted in Fig. 4, which shows the
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calculated distribution of fuel and oxidizer mass
fractions, and the rate of heat generation in the
gas phase near the propellant 3urface. With the
increase in x/D, the peak value of the heat genera-
tion rate increases iam magnitude and its location
becomes closer to the propellant surface. This
indicates a strong interaction between turbulence
and the gas-phase reaction rate. Due to the higher
reaction rate at x/D = 30, as compared to that at
x/D = 15 in Fig. 4, the mass fractions of both fuel
and oxidizer species decrease faster in the direc-
tion away from the propellant surface. The tempera-
ture gradient steep as a ¢« q of the in-
crease in the reaction rate; this can be seen from
the calculated temperature distributions plotted
near the propellant surface in Fig. 5 at various
x/D values. Higher temperature gradient with
increasing x/D means higher gas-to-solid heat flux,
and, therefore, increased burning rate as x/D
increases.

The erosive-burning augmentation factor, r /rb .
is plotted as a function of x for different porP o
diameters of a rocket motor in Fig. 6. It is seen
that ry/rp, increases as x increases. Figure 6 aiso
shows the variation of pressure and centerline velo-
city with distance x. With a favorable pressure
gradient, the pressure decreases while the center-
line velocity increases. The results given in Fig.
6 also indicate that decreasing the port diameter
causes rb/rbo to increase. However, because this
increace is Caused by the changes in both port
diameter and x location (centerline velocity), in
order to emphasize the port diameter effect, results
of ry/rp, are plotted in Fig. 7 as a function of
port diameter for a number of fixed centerline
velocities. In this way, the effect of x-variation
of U, on rp/rp, is eliminated, and the port diameter
effect is isolated. The results again show that
decrease in port diameter makes a rocket motor more
sensitive to erosive burning. This conclusion is

in agreement with the study conducted by Beddini.l?

The effect of nonuniform diameter along x on
the erosive-burning augmentation factor is shown in
Fig. 8. The results have been plotted for tana=
0, 0.01, and 0.015, where ais the divergence angle
of the rocket motor grain (see Fig. 1). As is well-
known, the erosive-burning effect is usually strong
in the initial burning phase of a rocket motor when
the diameter is nearly uwniform. This corresponds
to tan &= 0 in Fig. 8 (D being constant along x);

e SR d

i{v. Experimental Study

A. Burning-Rate Measuring;[echnigue

Although this paper deals with the analysis of
the erosive burning of s cylindrical propellant grain,
it is important to note the difficulty in measuring
erosive burning rates in cylindrical propellant grains
directly. Most of the literature available on erosive
burning of cylindrical grains is based upon indirect
data reduction procedures of measured pressure-time
traces.

The purpose of the present erosive-burning ex-
periments, which were conducted on flat AP-based
composite propellant test samples, was to compare
the erosive-burning predictions of a two-dimensional
theoretical model3 with the experimental data obtained
with propellants burning under two-dimensional flow
situations. The details of the results obtained for
a nmumber of propellants can be found in Ref. 4. In
this paper, experimental results obtain with a dif-
ferent composite propellant are reported.

Experiments were conducted in a test rig con-
sisting of a driving motor and a test chambe-. A
star-shaped solid propellant grain was used vo
generate hot combustion gases which flow through a
nozzle into the test chamber. The test chamber
contains a stainless steel leading edge element
to which a two-dimensional test propellant slab was
glued. The test propellant was ignited by the hot
combustion gases which formed a turbulent boundary
layer over the burning surface of the propellant.
The burning rate of the propellant was measured by
a high-speed motion picture method. Using high-
speed motion pictures (V1500 frames/sec) taken
during a test firing, the burning process of a test
propellant was observed through a plexiglass window.
The film was analyzed, frame by frame, on a motion
analyzer to calculate the distance burned in u
known time interval. A regression analysis of the
readings taken from the motion analyzer was made
to evaluate the burning rate. Detailed description
of the experimental setup, instrumentaiton, and
data reduction procedure can be found in Ref. 4.

B. Experimental Results

Erosive-burning tests were conducted with a
propellant designated by (IV), which has a composi-
tion of 727 AP, 26X HTPB, and 2% Fe, O3 by weight,
with an average AP particle size of“20 um. This
propellant is the same as that used by Kingl8

Th/Tpo increases significantly as the flow accelerates (propellant formulation designated by King as 4869).

in the x direction. However, when tan @ > 0, n,/r
behavior changes significantly along s, as depictes°
in Fig. 8. With tan & = 0.01, there is less acceler-
ation and, therefore, the erosive-burning effect re-
mains more or less constant as X increases. With

tan & = 0.01S, rp/rh, is seen to decrease as x in-
creases; this is due to theeffects of the thickening
boundary layer. In shap contrast to the effect of
acceleration, the effect of thickening boundary layer
is to reduce rb/rbo. Therefore, depending upon the
grain geometry, the erosive-burning effect could
either increase or decrease in the axial direction
toward the aft end of a rocket motor.

Figure 9 shows the effect of propellant surface
roughness on the erosive-burning augmentation factor.
Increasing the height of the roughness increases the
augmentation factor. This is consistent with the
axperimental study conducted by the authors,4 which
showed a larger erosive-burning effect on a compo-
site propellant with larger AP particle size and,
therefore larger surface roughness.

Propellant (IV) has a pre-exponent in the strand-
burning-rate law equal to 0.725 cm/s/(MPa)™, a
pressure exponent equal to 0.385, a flame tempera-
ture equal to 1667K, and a propellant density equal
to 1519.5 kg/m3.

Figure 10 shows the measured total burning
rate plotted against freestream velocity at differ-
ent pressures. Two sets of data are shown in Fig.
10, corresponding to tests conducted at two initial
propellant temperatures, Tpy = 7.8°C and 14.4°C.
The tests made under a low initial propellant temp-~
erature were conducted in cold weather conditions
by allowing the test apparatus and the propellant
sample tu reach a thermal equilibrium with the
surrounding atmosphere. Sufficient time (> 4 hours)
was allowed for thermal equilibrium to be reached.
Figure 10 shows that the erosive effect is stronger
in the case of the low T,; propellant. It should
be noted that the data obtained in the two cases is
not at the same pressure. The two sets of data
differ in pressure by about 2 MPa, which corresponds
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to about a 14X difference in rp . However, total 6. Experimental measurements show a propellant with %
burning rates for the two sets of data under ero- a lower initial temperature is more sensitive -]
sive-burning conditions (at Uy, * 350 m/s) differ by to erosive burning. Propellants with a lower #

about 26%., Thus, the additicnal erosive-burning normal burning rate are also more sensitive to H

contribution can be considered to be the result of erosive burning. ’

lowering Tpy. .
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C Heat
V. Sumpary and Conclusions P K:fk capacity of k species, Kcal/

1. The problem of erosive burning of composite c Heat capacity of 1d ¢ ;
solid propellants was modeled by considering an ] Kcallﬁgﬂx° y of solid propellant, -
axisymmetric turbulent boundary layer inside a
rocket motor. The theoretical model was solved d Average diameter of Ammonium Perchlorate
numerically, and a parametric study for the AP Particles, m
effect of a number of important variables was
conducted. D Port diameter of rocket zotor

2. The erosive-burning augmentation factor in- 9 Diffusion coefficient in Fick's Law,
creases with the increagse in axial distance a/s
vhen the port diameter of the rocket motor is
uniform (representing an initial time period Dampin efficient defined in Eq. (23
immediately following the ignition in a rocket v ping co clen " a. (23)
zotor). For a nonuniform (diverging) port Eas Activation energy in propellant sur~
diameter, the augmentation factor increases at _ face decomposition, Kcal/mole
a lesser rate, and even decreases with incress-
ing x if divergence is large. ahe Heat of formation of k" species, Kcal/

»
K

3. Rocket motors with a smaller port diameter are &
more sensitive to erosive burning than those = Ah® . 4 ’TC dT tic enthalpy of
with larger diameters. P - : £,k Tﬁ P scatic enthalpy

t
k ies, K

4. Surface roughnes: increases the erosive-burning specles, Keal/Kg
effect of a compo3ite solid propellant. q = E Ykhk + “1“1/2 , stagnation enthalpy

5. Mechanism of erosive burning is believed to be of gases, Kcal/Kg
caused by increased turbulence activity near the
propellant surface as tie 4nial velocity outside < Von Karman's comnstant
the houndary layer is increased. The increased S
turbulence activity increases both the diffusion K uiu{IZ, Turbulent kinetic energy,

process and the reaction rate with gas phase

n2/s?
near the propellant surface.
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Nomenclature (Con't)

Constant in erosive-burning rate correla-
tion, (MPa)~UP(m/s) "¢

Mach number
Exponent in strand-burning-rate law

Pressure exponent in erosive burning-rate
correlation

Velocity exponent in erosive-~burning-rate
correlation

Pressure, N/m2

= Cpulk, Prandtl number based upon molecu-
lar properties of fluid

Prandtl number for turbulent flow

H ;;%; i kakAh;,k&k’ Rate of heat gener-

ation in gas phase, Kcal/m3-s
Coordinate in radial direction

Total burning rate of a solid propellant,
n/s

Strand burning rate of a solid propellant,
u/s

Port radius of rocket motor
Roughness height, m
Universal gas constant, N-m/Kmole-K

= u/;b, Schmidt number based upon molecu-
lar properties of fluid

Schmidt number for turbulent flow
Temperature, K

Initial centerline temperature, K
Reference temperature, 298.14 K
Propellant temperature, K
Propellant initial temperature, K
Propellant surface temperature, K
Initial stagnation temperature, K
Reference surface temperature of propel-
lant, K

Gas velocity in x-direction, m/s

Axial velocity outside boundary layer,
n/s

Initial centerline velocity, m/s
Threshold velocity, m/s

E-’r"7pw , Friction velocity, a/s

A AT FT VT N ppwtae———
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Gas velocity in y-direction, a/s

E(E Yk/Hk)-l, average molecular weight

of gases, Kg/Kmole

Molecular weight of k:h species, Kg/Kmole
Coordinate in axial direction, m
Coordinate normal to propellant surface, m

= R-y, coordinate with its origin on
propellunt surface, m

th

Mags fraction of k species

Mass fraction of fuel in a composite solid
propellant

Mass fraction of oxidizer in a composite
solid propellant

Time averaged quantity
Fluctuating quantity

Partial differentiation of quantity in
() wvith respect to x,, ( )/m

Greek Symbols
Angle of divergence of port radius
Boundary layer thickness, m

2pu', u', ./p, Turbulent dissipation,
2 1,1 1,3
w?/s3

Ratio of constant-pressure and constant-
volume specific heats

Thermal conductivity of gas, Kcal/m-s-K

Thermal conductivity of solid propellant,
Kcal/m-g-K

Gas viscosity, Kg/m-s
Su+ Bes Effective viscosity, Kg/m-s

Turbulent viscosity defined in Eq. (8),

Kg/m-s
M
- M t
: tE e Kg/m-s
t
u
t
g% + e Kg/m-s
t

Number of Kmoles of kth species
Gas density, Kg/m3
Solid propellant density, Kg/m3

H ueffBEYGy, Local shear stress, N/m2

Rate of Production of species k due to
chemical reactions, Kg/m3-s

>
kL
3
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Subscripts

b Bulk or averaged variable
c Centerline condition

k Species index representing fuel gas (F],
oxidizer gas [0], and product gas [P}

© Freestream condition
w Wall (propellant surface) condition
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Dimensionless Velocity, u/Uci
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Fig. 1 Physical Model Considered in the
Theoretical Formulation.
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Aerothermochemical Analysis of Erosive Burning in a
Laboratory Solid-Rocket Motor

Robert A. Beddini®
Aeronautical Research Associates of Princeton, Inc., Princeton, N.J.

An analysis of steady-state combustion and flow phenomena in 8 two-dimensional, laboratory-type solid-
propellant motor is presented with emphasis on the condition of erosive burning. The problem is treated as a
confined, reacting turbulent shear-flow using a second-order turbulence closure model. Low Reynolds number
and propellant surface roughness effects are accounted for. Comparison of calculated results with cold flow
experimental data confirms that development of the mean velocity pr. file is initially well described by laminar,
““Inviscid” theory. However, due to the rapid development of turbulence within the simulated grain-port,
transition to a turbulent velocity profile is predicted to occur at center port Reynolds numbers greater than those
obtained in the considered experiments. Transition of the velocity profile is theoretically found to occur prior to
the onset of erosive burning in real motor environments. Comparisons of calculated results with measured static
pressure distributions have been made for a composite-propellant *‘siab’’ motor. Good agreement with static
pressure data is obtained for propellant roughness heights which are approximately 10% of the larger AP crystsl
diameters, with surface roughness significantly affecting erosive burning. Theoretical comparison with the
Lenoir-Robillard model also indicates that the present model predicts a much more rapid decrease in erosive
burning as the port hydraulic radius is increased.

~eew 3 vewrsis

Nomenclature Y, =mass fraction
4 = Arrhenius pre-exponential coefficient B =temperature exponent of reaction pre-exponential
P coefficient
a,b  =turbulence modeling parameters (3.25, 0.125) _ .
" A A ] = half-height of port
B =effective reaction rate coefficient _ s .
(3 - Ah, =heat of reaction per unit mass
' =specific heat at constant pressure A £ turbulent macrolength scal
Cs =specific heat of propellant = viscosit 8 ¢
D  =overall diffusion coefficient K =viscosity
2o =metric tensor, dx,/dx,, @ = ;pecn_fic reaction source term
h = specific sensible enthalpy, ¢, T ’; _ ensity . .
h?  =heat of formation at 0 K =concentration (pressure) exponent in reaction rate
H =total enthalpy, H=h+u'u,/2 s .
k  =thermal conductivity uperscripts
k,  =equivalent sand roughness height () =timeaverage of variable
L9  =heat of decomposition at 0 K ()’ =turbulent fluctuating value of variable
m;  =surface mass flux .
n =normal burning rate pressure exponent Subscripts
n, = surt:ace normal vector c =centerline
p =static pressure e =reaction end state
pt = refen:ence pressure, 6.9 < 107 dyne/cm 2 (1000 psi) g =gas phase
q =rmsintensity, (u’‘u’;) ¥ h =condition at port head end
r =regression (burning) rate, i1, /p,, s = condition at surface
K r, =normal (nonerosive) regression rate a =index for chemical species
R =gas constant per unit mole x =denotes propellant solid phase
Re. =Reynolds number, 5 4.6/ (,) =differentiation
Re, =Reynolds number, 5,056/, * =reaction initial state
t =time
T = static temperature
T, =activation temperature (energy/R)
. T,  =interior propellant temperature Intl:oducﬁon
u =velocity vector {u,v, w} ONTEMPORARY solid-propellant rocket motors often

Wu =molecular weight of species utilize a central port—the “‘grain port’’—~through which
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X; =coordinate vector {x,¥,z}
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Flows; Boundary Layers and Convective Heat Transfer—Turbulent.

*Consultant, currently, Senior Research Scientist, Princeton
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the combustion gases flow. An assumption which is almost
universally used in analyses of motor performance is that the
flow properties within the grain port may be represented by
their bulk averages over a cross section. This assumption is
practical and adequate providing closure relationships are
available for describing inherently multidimensional
processes occurring near the port surface (e.g., combustion
and viscous friction). The closure process becomes more
formidable when propellant combustion locally interacts with
the fluid dynamics. One such interaction effect, which can
lead to a substantial increase in the mean propellant burning
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rate under high port velocity conditions, is termed erosive
burning.

Reviews of erosive burning theoretical treatments and
experimental investigations may be found in Williams et al.,’
Kuo and Razdan,? andn the analysis of Mukunda,? King,*
Beddini,’ and Razdan and Kuo.® These analyses all assuine
that the flow within the grain port of a solid-rocket motor is
of classical boundary-layer type. Specifically, velocity profile
solutions for a turL’;xlem bhoundary layer are developed (with
various levels of analytic and empirical approximation)
subject to matching to a uniform ‘‘core’* flow which is
asstmed to exist within the central region of the port. The
gradient of the velocity profile enters into she specification of
turbulent diffusivity in the propellant flame zone, which in
turn governs the magnitude and scaling of erosive burning.

To experimentally simulate the flowfield in the grain port
of actual rocket motors, Dunlap et al.” and Yamada et al.?
have investigated the flow in a porous tube and channel,
respectively, with transpiration througn the side wall. The
Reynolds numbers (based on transpiration velocity and
characteristic diameter) of these experiments were within the
range associated with typical rocket motors. Based on the
experimental results, both of these investigations concluded
that the mean velocity profiles in actual rocket motors
corresponded with self-similar solutions to the laminar
Navier-Stokes equations in the inviscid limit. No evidence of a
uniform core flow region was found, since the mean velocity
profiles were similar in some respects 1o those in laminar pipe
or channel flow. In addition, appreciable levels of turbulence
were found, and Yamada et al. showed that the turbulence
intensity profile behaved in a sutstantially different manner
from typical turbulent channel flow. These experimental
investigations have therefore posed some serious questions
concerning the nature of the flowfield in actual motors, and
for the assumptions used in erosive burning analyses. The
mean flow behavtor has also been shown by Culick? to affect
the aeroacoustics of the solid rocket motor.

The principal objective of the present investigation is to
analyze the flowfield in the solid-rocket motor and its effects
on erosive burning. It will be shown that the conflicting cold
flow experimental results and prior analytical assumptions
concerning the turbulent velocity profile can be substantially
reconciled. In addition, the effects of propellant surface
roughness and motor size on erosive burning will also be
investigated. The problem is approached by extending the
reacting turbulent boundary-layer analysis developed in Ref.
5. This approach utilizes a semiempirical, second-order
closure description of turbulence and is sufficiently com-
prehensive to account for several aerothermochemical
features of interest. The general model developed herein will
be refer-:. to as the solid-propellant erosive combustion
(SPEC) model in the text.

Table1 Masjor assumptions

1) Single-step, homogeneous, and stoichiometric gas phase
reaction.

2) Specific heats of species are equal and independent of tem-
perature.

3) k/c,=pD=pu(T) (Prandtl and Lewis numbers of unity).

4) Surface decomposition of a homogeneous propellant is
govetned by Arrhenius kinetics.

5) Turbulent correlations involving the temporal pressure
derivative and nongradient mechanical heat production terms
in the energy equation [Eq. (13) of Ref. 5] are negligible (i.c.,
nonhypersonic flow). A

6) The flow is quasisteady (3/3r=0), and two-dimensicnal
(8/8z=0=w) in the plane of Fig. 1. The port half-height § is
taken to be constant. N )

7) The flow is of thin shear-laycr type, viz., 8/dy»3/3x with
ap/dy =0, and is symmetric about y=4§in the mean.
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Analysis

The analysis closely follows that of Ref. 5, with the ex-
ception that boundary conditions appropriate for flow in a
two-dimensional (i.e., planar) grain port and a surface
roughness model will be implemented. The two-dimensional
geometry (Fig. 1) approximates the configurations ex-
perimentally investigated by Yamada et al. for cold flow
simulations, and by Stokes et al.'® for erosive burning. The
port half-height & (distance from surface to centerline) will be
assumed constant in the present investigation.

Enthalpy and Mass Fraction Similarity

Major assumptions are summarized in Table 1. Upon
invoking assumptions 1-3, and as a consequence of assump-
tion 5, it has been shown that the general unsteady gas phase
equations for species mass fraction (Y,, «=1...N) and total
(sensible plus kinetic) enthalpy H may be reduced to a single
equation for a variable f, i.e.,

(0D o+ (pu'f) 1 =87 (f ) g+
where

S=(ahy) ~ (H=H, +8h) = (Y, = Y,.)/ (Yoo = Yoo)
Ahy= Y (Y, = Y,)hS

and o is the normalized chemical production term. In the
above equations, Ah, is the heat of reaction per unit mass,
and the subscripts » and e refer to conditions at the initial and
end (equilibrium) states of reaction, respectively. The
parameter ¢ appearing in the earlier analysis has here been
absorbed into the definition of w. It may be noted that the
reaction is not required to be completed within the considered
flow region, as might occur for an extremely small “‘motor”’
or a very slow reaction.

For complete similarity to exit, the boundary conditions for
mass fractions and enthalpy must be identical when expressed
in terms of the variable f. If the motor head end is assumed
nonreactive and adiabatic, then equilibrium exists so that f=1
there. Assumption 7 precludes the influence of an arbitrary
downstream boundary condition on f. Hence, the behavior of
thermodynamic variables (excluding pressure) within the port
will be affected primarily by boundary conditions at the
propellant surface. The surface boundary conditions for Y,
and H can be written for a port of rather general cross-
sectional shape as®

Sfi=(nmg) ~lun’f 1,

where ri, is the surface mass transfer and n/ is the con-
travariant unit surface normal vector. As the unstezly dif-
ferential equation and boundary conditions involve f alone,
similarity is obtained between both mean and unsteady
(turbulent) parts of Y, and H is the gas phase.
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Fig. 1 Schematic representation of grain port velocity and tur-
bulence intensity development.
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The instantaneous reaction source term appearing in the f
equation may be written as

—H)*
w=B, Toexp(~T,,/T) [&%__)]

L4

An effort has been made to improve the turbulent combustion
modeling used in Ref. 5 (i.e., modeling the time average, @,
and correlations involving w’). Specifically, a second-order
Taylor expansion of w has been used to provide & in terms of
Tand T’ 2, and w’ in terms of T’. The resulting correlations
are determined in the final equation system without the ad-
ditional empiricism often associated with turbulent com-
bustion models. The propos-d model is therefore similar to
models developed by Borghi!' and others. An analytically
based combustion model is favored for this problem since
temperature fluctuations in the combustion region are ex-
pected to be relatively small. In preliminary calculations,
however, the proposed combustion model proved to be un-
stable. The instability is believed due to the strict numerical
coupling required by the solid-propellant problem. Con-
sequently, the results to be presented assu.me @=w(7) and do
not indicate the possibly important effects of turbulence on
reaction rate.t

Final Equations

With Y, expressed in terms of H=h+u'u/2 and h=c,T,
use of the second-order turbulence modeling procedure of
Sullivan!? provides cifferential equations which, after time
averaging and in boundary-layer form, are identical to those
used in Ref. 5. The empirical turbulence modeling par .meters
(listed in the Appendix) are also identical to the values used in
Ref. 5 and in the evaluation of Sullivan’s procedure by
Rubesin et al.!4 Overall, the complete system consists of the
equations of state and continuity, and parabolic_differential
equations for w,h,u’u’, u'v', v'v’, w'w',p'u’',p’v', h'u’,
h'v’,and h'h’. The second-order correlation equations are
quite lengthy and are not listed here. They correspond with
the correlation equations of Sullivan, but with the terms
Ahyx'w’ (where x’ represents u’, v’, 2h') appearing on the
right-hand sides of the h’u’, h’v’,and h'h’ equations. The
mean equations for conservation of mass, momentum, en-
thalpy, and the equation of state are

(i) ,+ (pU+p V") ,=0 m

y= —p-,x+(i‘ﬁ,y),y (2)

2 A A
+ L (a+bp—Z— )] + (k) , + Ak @)

tA reviewer has justifyably questioned the realism of results ob-
tained without accounting for the effects of turbulence on reaction
rate (combustion-turbulence interaction). Further research on this
topic has been performed since the original manuscript was submitted,
and will be presented in detail in a subsequent paper. Insofar as the
present results are concerned, it has been found that combustion-
turbulence interaction can affec: the mean reaction rate and turbulent
diffusivity profiles. However, the collective effects on the mean
temperature profile and on erosive burning are, surprisingly, quite
small. These results qualitatively agree with the recent findings of
Borghi and Dutoya,'? who used an empirically specified PDF to
model interaction effects for an entirely gas phase problem.

p=rot| L 6,(1-TT /1)~ LOT 1T

- LL@5; [ Le.] @

where G,=Y,/W_, a and b are turbulence modeling
parameters, and A is the turbulent macrolength scale.

Initial and Boundary Conditions

The parabolic form of the differential equations requires
initial conditions for the dependent variables to be established
downstream of the head end. Experimental and analytical
results 8 suggest that an assumed initial station of x,2 56 is
more than adequately far downstream to satisfy the thin
shear-layer assumption. The head-end pressure p, is
specified, and the mean static pressure at x, is obtained from
inviscid theory. The analytical velocity profile®

4

o'

. T
=sin¢
2

TS

is used at x, for both cold flow and erosive burning
calculations. Velocity-scaled experimental profiles of tur-
bulence intensity are used to satisfy initial conditions for the
Reynolds stress variables, ufuj. For reacting flows, the mean
temperature profile is obtained from numerical solution of
the energy equation for normal deflagraion, and ali thermal
correlations are assumed null at x,. Some sensitivity to the
initial conditions is obtained in the downstream calculations
for particular configurations. This sensitivity is discussed in
the next section.

Boundary conditions at the propellant surface (y=0) are:
u=0, pv=m, mrp,, with all correlations assumed null. A
linear pyrolysis relation,

my=A, Tt exp(~ T, /T)
is used in conjunction with the interface condition

_aT

my=[Ll+h-c,T) -’kb;
to determine i1, and 7T,. For cold flow calculations, the
parameter U, is specified.

The geometric symmetry of the problem is utilized at y=6.
The condition of symmetry implies that there must be no
mean fluxes (convective, diffusive, or_turbulent) through
y=8.Hence,aty=6:6=u'v'=h'v'=p‘v’' =0, with the
normal gradients of all other dependent variables being null.

Pressure Gradient

As opposed to unconfined tlows, wherein the pressure p
and pressure gradient, d5/9x, are imposed on the boundary
layer, the pressure gradient for confined boundary-layer flows
evolves as part of the solution. The value of d5/dx must be
consistent with the condition of conservation of mass (¥, =0)
in the port. Utilizing this condition and the condition
ap{3y=o. the momentum equation (2) may be integrated to
yie

d__:l[-ﬂ +°‘S‘--zd]
x5 “ay’, ax Jo P

The first term within the brackets represents the decrease in
static pressure due to surface shear, and the second term
contains the effects of mass addition and change of
momentum profile shape on static pressure. The latter effect
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is excluded from typical one-dimensional grain port flow
calculations.

Surface Roughness Model

In Ref. 15, a preliminary model for small surface roughness
has been developed which is compatible with the second-order
closure technique and allows direct integration to the mean
surface. The model is based on the concept of Rotta (in Ref.
16) that the turbulent macrolength scale at the surface, A,
tends to a nonzero value which is characteristic of the physical
roughness height. It has been shown in Ref. 15 that the em-
pirical relation A;=%,/6.5 (where k, is the equivalent sand
roughness height) satisfactorily correlates flat-plate ex-
perimental data for buffer and logarithmic region velocity
profiles, and for surface friction. For “fully rough” sur-
faces'® the model becomes invalid, but this condition was noc
exceeded in the present calculations.

It will be shown that the calculations for erosive burning are
quite sensitive to the value of surface roughness assumed.
However, there are difficulties in implementing this—or any
roughness model—for propellant surfaces. One problemr is
that the standard measure of surface roughness (equivalent
sand roughness) is difficult to estimate for ‘‘typical”
propellant surfaces undergoing combustion. Another aspect
to consider is that the actual peak-to-valley roughness height
can depend upon pressure. Caveny!’ indicates that for
composite propellants, for example, the roughness height may
scale as a function of the absolute difterence between oxidizer
and average propellant burning rate, and hence would change
from head to nozzle end along the grain. In the present work,
these additional complexitics are neglected by utilizing
constant values of k; equal to estimated peak-to-valley
propellant roughness heights.

Results and Discussion

Grain Port Cold Flow Simulations

The cold flow simulations of Dunlap and Yamada b :ve
shown that, based on values of surface transpiration Reynolds
number (Re,=p v,6/f,) which are typical of real motors
(order 103), the mean longitudinal velocity profile in the port
corresponds with self-similar solutions for inviscid, laminar
flow. Yet, both experiments have also indicated that tur-
bulence intensity profiles increase in magnitude, and that the
height of maximum intensity moves closer to the port surface
with increasing distance from the head end. This nonsimilar
behavior of turbulence and velocity provides a critical test of
grain port hydrodynamic modeling.

Mean Velocity Profiles

A comparison of present (SPEC) model predictions with
the velocity profile data of Yamada is shown in Fig. 2 for
x=25 cm. The agreement between prediction, experimental
data, and the inviscid theoretical description given by Eq. (5)
is quite good. Similar agreement is also obtained at the x=15,
20, and 29 cm experimental stations (not shown). If allowance
is made at the initial station for the fact that the calculations
assume U, = 1.2 m/s, whereas v, changes somewhat along the
experimental surface (its bulk average is 1.2 m/s), then good
agreement is also obtained with the unnormalized velocity
profiles shown in Fig. 2 of Ref. 8. Agreement between
calculations and inviscid theory is expected when both viscous
and Reynolds stresses are negligible in Eq. (2). In this case Eq.
(5) is an approximate solution for incompressible flow.

In a computational experiment, it is a simple matter to
‘“‘lengthen” the port. This has been done to investigate
whether the inviscid profile persists at higher center port
Reynolds numbers, Re.m 3.1 68/j,., than those obtained in
the 29 cm length channel of Yamada, et al. Contrary to the
conclusions of Yamada et al., the present model predicts (Fig.
2) a transition from a laminar to a turbulent velocity profile,
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Fig. 2 Velocity profiles in cold flow simulation of two-dimensional
grain port.
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Fig.3 Development of turbulence in cold flow simulation.

beginning at about 50 cm. The profiles continue to develop in
steepness of surface gradient, such that by x=200 (Mach
number =0.6), the velocity profile is nearly represented by a
1/7 power law. The mechanism of transition will be discussed
subsequently.

Behavior of Turbulence Intensity

A comparison between the intensity profile data of Yamada
et al. and the model caiculations is shown in Fig. 3 for two
values of ;. For these calculations x, = 15 cm has been chosen
to correspond with the first downstream profile, and k, =65
um is assumed to characterize the surface roughness.
Qualitatively, the calculations show behavior similar to data
in that turbulence increases in magnitude, with the height at
which maximum intensity occurs (y,,) decreasing as x in-
creases. Quantitatively, however, it was found necessary to
multiply the intensity data (denoted by the symbol /) by a
factor of 3.0 at the initial station to achieve downstream
growth rates in calculated turbulence intensity (g) similar to
the experimental values shown. This would appear to imply a
quantitative deficiency in the modeling of turbulence
development for the specific configuration. However, the
calculated maximum s.cusities (here denoted by g,,) ob-
tained from Fig. 3 are n the range of 12-15% of 4. These
values are consistent with the relative intensities found in the
Dunlap investigation and also in Fig. 5 of Ref. 8.
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In addition to the sensitivity of the calculations to the
magnitude of the turbulence initial conditions, some sen-
sitivity to the assumed value of &, is also observed. This
sensitivity is reflected in the growth rates of the turbulent
fluctuations, and in the initiation of the mean velocity profile
transition process. It has also been found that the
laminarization effect of the large, favorable pressure gradient
exerts a strong influence on turbulence in the initial region of
the flow. This leads to the question of how initial (pretur-
bulent) disturbances are generated in the head-end region of
the port. Possible mechanisms include the direct generation of
vortical disturbances by the porous surface or air supply
system, and the presence of acoustic disturbances which have
propagated upstream in the flow. Neither of ihese effects has
been included in the present analysis.

Notwithstanding the laminarizing effects due to large
favorable pressure gradients (which diminish with axial
distance in the port), an argument is now presented on why
transition within a port is possible and often probable.
Consider the scaling of terms in the momentum equation (2)
for incompressible flow. The convective and pressure gradient
terms may be scaled to within multiplicative constants as8

Du —dﬁ/p
Dr dx

As an approximation, the Reynolds stress term, du’v’/dy,
will scale as If,,/y,,,(~q,’,,/y,,,). Both calculations and data
indicate that in most cases, 72,/y,, grows faster than x. For
example, if the data corrclanons of Ref. 8 are used,
12,1y, - i-Sexp(—1/4.), which for large 4, ~xi6, Hence
gnven a port of sufficient length, transmcn should occur
unless a sonic condition occurs first. Accurate prediction of
the transition region will depend on the adequacy of tur-
bulence modeling and knowledge of initial conditions.
Confirmation of the transitional behavior of the velocity
profile may be found in the porous tube measurements of
Olson.'® These results were, however, obtained at surface
transpiration Reynolds numbers lower than those associated
with typical solid-prapellant motors.

Reacting Flow and Erosive Burning

In the experiment of Stokes et al.,!° a “‘slab” motor (ap-
proximating the two-dimensional conditions of Fig. 1) was
used to generate appreciable erosive burning. Assuming that
the mean flow and turbulence can attain quasisteady con-
ditions within the 0.06 s test times, and neglecting the 2«15%
variation of 8, a simulation of two-dimensional flow within
the port can be obtained with the SPEC model. Greater
reservations exist concerning simulation of the composite
propellants used in Ref. 10 with the present homogeneous
combustion model. However, the explicit appearance of a

Table2 Thermochemical parameters

T,=2976 K (adiabatic flame temperature)
¢,=1.92x10-3J/kg~-K

combustion model does not occur in many erosion theories.
Additionally, it has been well established that a key parameter
affecting erosive burning is the normal burning rate 7,,. The
SPEC model is able to represent aerochemically (over a
limited range of interest) the normal burning rate piessure
dependence of the EBT propellant used in Ref. 10, viz.,
F,=0.92 (p/p*)®*¥ cm/s. The parameters used to obtain this
correlation are listed in Table 2, and have been estimated
from Refs. 5§ and 10.

Erosive Burning and Effect of Surface Roughness
Using the formulated initial and boundary conditions, and
the physical parameters of Table 2, a comparison of SPEC
model results «ith the experimental data of Stokes et al. is
shown in Fig. 4. Comparison is made for two values of head-
end pressure g,. Both the data and the one-dimensional,
frictionless, nonerosive pressure calculations adapted from
Ref. 10 have been corrected (by =3%) at the head end to
correspond with the tabulated values,!© viz,, g, =79.5 and
60.0% 107 dyne/cm? for tests EBT-3 and EBT-4, respectively.
The corresponding values of & (0.415, 0.404 cmj used in the
calculations are obtained from the initial value plus the
distance burned measurements at the head end. Initial con-
ditions are speciiied at x, = 95.
Considering the lower pressure EBT-4 results first, in-
creasing the surface roughness height k, produces increased
*n and hence decreased pressure along the port. For
k, =, slight erosion is obtained, such that the regression ratio
/7, is only 1.07 at x=50. Prior results® of the SPEC model
for smooth surfaces and unconfined boundary layers yielded
underprediction of typical data by factors of two or three for
lower burning rate propellants. Although this was attributed
to the assumed combustion mechanism in Ref. 5, it is possible
that the effects of surface roughness and combustion model
are of equal importance for the quantitative prediction of
erosion. One effect of surface roughness is to decrease the
viscous sublayer height, thus increasing ambient turbulence
levels in the flame zone. This effect can, in principle, com-
pensate for some inadequacies of the combustion model (e.g.,
a lower than actual flame height). However, the value of &,
which produces the best agreement with the EBT-4 data is 46

Port static pressure, pX10™ (dyne 7cm?)

W, =W,,=258g/g-mole °
T, =2.0x104K 20
]
B‘=] 59x10wg|_'cm._|s..| K_ﬁ, 5~ Date STOKES et al, 1976 Roughness
$=1.10 A Test EBT-3 CORRECTED nelgh!.s
By=0 o Test EBT-4 | AT HEAD ks X107m
. #=4 42 % 10~ 7965 poise
- — — One-D flow, [ END
. T;=300K no eroston
¥ L9=8.37x10-2J/kg
s pe=1. 7Os/cm3 —— SPEC calculations 46
: ¢,=1.46x 103 J/kg~K 4 ! L L L ! )
E 3 =0 0 20 40 60
1 A,=2.50x105g/cm?s Distance along surface, x {cm)
Ty =10X10‘K

Fig. 4 [Effect of surface roughness height &, on port static pressure
development with erosive burning.

P




S '

-

E"‘IOVEMBER 1980

um. This value is approximately 10% of the large (400 um)
ammonium perchlorate crystal size used in the EBT for-
mulation, and is not believed inordinate. Values of surface
roughness in the 30-100 um range (for both composite and
homogeneous propellants) have been used in the erosive
burning analysis of Mukunda.?

Maintaining all other conditions constant, the head-end
pressure is increased from the EBT-4 to the EBT-3 test value
in the top of Fig. 4. In this case a value of k, =39 um provides
the best agreement with data, a slight decrease from the EBT-

(a)

25
N
(%
%20k
~
€
7 X, tm=
LIS .
o 50
x
:> 1CH
? (d) 40

L1

35
[} 1 l L l -
w0 1073 1072 w!
y, cm

Fig. 5§ Profile development in two-dimensional grain port: a) mean
tempersature; b) turbulent heat transfer correlation; ¢) normalized
mean velocity; d) turbulent shear stress correlation, EBT-4 conditions,
k, =46 pm.
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4 results. The decrease is probably within the range of ex-
perimental error, although the possible effect of pressure on
surface roughness noted previously in the paper may be
present. (The burning rates of EBT and pure AP are more
equivalent at this pressure.)

Profile Development in Grain Port

Figure 5 shows the predicted development of key dependent
variables within the slab-motor port. Computational con-
ditions correspond to the EBT-4 run in Fig. 4 with k, =46 um.
Elements of the basic interaction mechanisms betweent mean
and turbulent variables have been discussed in Ref. 5.
Qualitative differences between the present and prior resu'ts
will be discussed herein.

The temperature profile at x=$ cm in Fig. 5a is identical to
the normal (strand) burning profile. It persists (being scaled in
height by change in pressure) until the start of erosive burning
at x=20. By x=35, the propellant regression ratio F/r, has
reached 1.9, which is reflected by the change in temperature
gradient near the surface. Considering the rapidly changing
pressure, the temperature profile at x=50 (#/7, = 3.5) reflects
severe diffusive broadening due to turbulence. The tem-
perature profile in the main portion of the port is decreased
somewhat due to adiabatic acceleration (Mach number =0.69
at x = 50), but this does not perceptibly affect the flame zone.

_The turbulent contribution to heat flux may be written as
ph’ v’ to second order. Figure 5b shows that #’v’ is correlated
with flame position and temperature gradient. This suggests
that a diffusive approximation of turbulent heat flux may be
valid for alternative erosive burning analyses.

Normalized velocity profiles are shown in Fig. Sc. Utilizing
Eq. (5) as an initial condition at x, =3.5, the velocity profile
shows signs of a transitional “bulge’ in the lower portion of
the boundary layer at x=5. By x=35, transition has been
completed and erosion is severe. In this and other calculations
to be presented for this propellant, erosive burning con-
sistently occurs subsequent to transition. Apparently, it is the
large increase in surface velocity gradient which enables the
production of sufficient turbulence (Fig. 5d) io enter the
flame zone (Fig. 5a).

It is also noted that the calculations shown in Fig. 5 are
much less sensitive to the initial conditions placed on the
Reynolds stresses than are the cold flow calculations
previously discussed. The precise reason for this has not been
determined, but may well be refated to the gas-phase density
change induced by combustion.

Effect of Port Size on Erosive Burning

Mihifeith'® has observed that the widely used Lenoir-
Robillard (L-R) theory,? as well as some other theorics, are
deficient in their ability to scale erosive burning as a function
of port size. Specifically, it was noted that the L-R theory
overpredicts erosive burning in full-scale motors when
initially correlated with subscale data. A comparison of the
present theory with that of Lenoir and Robillard is therefore
warranted, with particular interest in the geometric scaling of
erosive burning. Stokes et al. have correlated the L-R theory
to the experimental static pressure results shown in Fig. 4. In
the present notation, the L-R expression for regression rate
may be written as'®

P =Py oy (i) 02 (25) ~02exp(— B, FnPe/Bclic)

The parameters o, =0.0245 and S, =42 were evaluated'?
using a least-squares procedure. Theoretical comparisons
have been made b, utilizing SPEC-calculated values of 4. and
4, along the port.

Results of the comparison are shown in Fig. 6. The
regression ratios for increasing values of & have been plotted
as a function of centerline mass flux, .t . Considering the
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Fig. 6 Effect of port size on erosive burning as function of centerline
mass flux, k; =46 gm.

6=0.404 case, both theories show similar regression ratios at
higher values of mass flux, this being required to produce the
experimental static pressure results of Fig. 4. At lower values
of mass flux, the L-R theory predicts greater erosion. This is
partly due to the use of centerline rather than bulk average
velocities in the expression for 7 z. The centerline velocities
become within 20% of bulk velocities subsequent to tran-
sition, i.e., at mass velocities where the SPEC model shows
erosion.

As the port half-height 6 is increased, SPEC calculations
(denoted by solid lines) show a continuous decrease in
regression ratio at constant mass flux. For the given motor,
most of the decrease in regression ratio is attributed to a
translational increase in threshold mass flux. Although theie
is a slight decrease in slope for large 8, SPEC-calculated
regression ratios appear to scale with the shift in threshold
mass velocity. By comparing the L-R and SPEC calculations
for §=15 c¢m, the SPEC model is shown to predict less erosion
with g .ometric scale-up. Qualitatively, this behuvior in the L-
R model is largely due to the lack of threshold velociiy
dependence upon scale. Similar results are obtained for other
values of 8.

Conclusions

The major conclusions of this research may be summarized
as follows.

1) The SPEC model has been compared with experimental
data in cold flow simulations of a two-dimensional grain port.
These comparisons show good agreement with laminar
theoretical description for mean velocity profile in the
Reynolds number range of data.

2) At higher center port Reynolds numbers, transition to a
turbulent velocity profile is predicted to occur. This
predictior: contradicts the conclusions of recent experimental
investigations, i.e., the inviscid velocity profile does not
necessarily persist throughout laboratory or full-scale motors.
The plausibility of transitional behavior is justified with an
argument based on the development of turbulence within the
port.

3) The completion of transition is followed by the start of
erosive burning in theoretical comparisons with iaboratory
motor data. The intin.ate connection between transition and
erosive burning warrants further experimental investigation
with cold flow apparatus.

4) The effects of surface roughness on erosive burning are
indicated to be quite important. Although possibly com-
pensating for some inadequacies in combustion modeling,
realistic values of roughness have provided good agreement
with experimental static pressure data under severe erosion
conditions.

R. A. BEDDIN:
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5) The effect of geometric scaling on erosive burning has
been theoretically investigated for a two-dimensional motor.
As port half-height (hydraulic radius) is increased, the SPEC
model is shown to produce less erosion than the Lenoir-
Robillard model for a specific mass velocity. This observation
qualitatively agrees with recent criticisms concerning
geometric scaling deficiencies in the Lenoir-Robillard model.

Appendix: Turbulence Modeling Parameters

Listed below are the non-null parameters used for the
second-order closure modeling of Sullivan. !* Note that some
of the parameters appear only as collective products in the
final =quations. The uppercase notation is consistent with the
computer generated format of the equations.

A=3.25
B=0.125
CLAMB=0.17
DIN=0.65
AHH=5.85
AHU=ARU=3.25
BHH =0.225
VUU=VUH=VHH=0.1
VRU=VRH=VRR=0.1
PMU2=PMH2=PMR2=1.0
PTHM =PTUM =0.15
PGH2=PGR2=0.8
PGU=PGU2=1.0
WWUl=WWR]1=WWHl=-0.1
WWGU = -0.5
WWGR=WWGH= -1.0
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